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����	����������8�!(����6��[�

=�����8'!�CB�=0(�����'
&+��

���� ���
�!%++��
����)�!%)\! [3] �E�!!��'��&���	��!
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����� nanocomposite high surface

area ceria ��8�!
������	��
����
�����'�(�)�()��)�!6���& !���%
��&'��
��%���������8�!J ���
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��%���� �E�!��

������+�&!

8�'�3����

6�(��<6�C����'8�

�
��!��(� (Chemical Mechanism) )�!
����?���(6���& !��������8�!J +���')�!
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Abstract

Cerium Oxide or ceria (CeO2) was found to be useful for the reforming processes. By

applying this material as support and promoter, the catalyst provides significantly higher

reforming reactivity and excellent resistance toward carbon deposition compared to

conventional Ni/Al2O3 [1,2,3,4]. These enhancements are due to the high redox property of

CeO2. During the reforming processes, in addition to the reaction on metallic catalyst surface,

the redox reactions between the gaseous components in the system and the lattice oxygen (Ox)

take place on ceria surface. Among these reactions, the rapid redox reactions of carbon

compounds such as CH4, and CO with lattice oxygen (CH4 + Ox = CO + H2 + Ox-1 and CO + Ox

= CO2 + Ox-1) can prevent the formation of carbon species from the methane decomposition

(CH4 � C + 2H2) and Boudard reactions (2CO � C + CO2) even at low inlet steam and

carbon dioxide concentrations.

Surprisingly, nanocomposite high surface area ceria (CeO2 (HSA)), synthesized by a

surfactant-assisted approach, was observed to be an excellent catalyst for the reforming of

methane, LPG [5], methanol [6], and ethanol [7,8] producing H2 and CO under Solid Oxide Fuel

Cells (SOFCs) conditions [3]. Regarding the intrinsic reaction kinetics over CeO2 (HSA), the

reforming rate over this catalyst is proportional to the methane partial pressure and the operating

temperature. Carbon dioxide presents weak positive impact on the methane conversion,

whereas steam concentration seems to be independent of the rate. The adding of carbon

monoxide and hydrogen inhibit the reforming rate. The activation energies and reforming rates

under the same methane concentration for CeO2 toward the dry reforming are almost equal to

the steam reforming. This result suggests the similar reaction mechanisms for both the steam

reforming and the dry reforming over CeO2; i.e., the dry reforming rate is governed by the slow

reaction of adsorbed methane, or surface hydrocarbon species, with oxygen in CeO2, and a

rapid gas-solid reaction between CO2 and CeO2 to replenish the oxygen.

[1]  N. Laosiripojana, and S. Assabumrungrat, Methane steam reforming over Ni/Ce-ZrO2

catalyst: Influences of Ce-ZrO2 support on reactivity, resistance toward carbon formation,

and intrinsic reaction kinetics, Applied Catalysis A: General, 290 (2005) 200-211
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[2]  N. Laosiripojana, W. Sutthisripok, and S. Assabumrungrat, Synthesis gas production from

dry reforming of methane over CeO2 doped Ni/Al2O3: Influence of the doping ceria on the

resistance toward carbon formation, Chemical Engineering Journal, 112 (2005) 13-22

[3]  N. Laosiripojana and S. Assabumrungrat, Catalytic Dry Reforming of Methane over High

Surface Area Ceria, Applied Catalysis B: Environmental, 60 (2005) 109–118

[4] N. Laosiripojana, W. Sangtongkitcharoen and S. Assabumrungrat, “Catalytic steam reforming

ethane and propane over CeO2-doped Ni/Al2O3 at SOFC temperature: Improvement of

resistance toward carbon formation by the redox properties of doping CeO2”, Fuel, 85

(2006) 323-332

[5] N. Laosiripojana and S. Assabumrungrat, “Hydrogen production from the steam and

autothermal reforming of LPG over high surface area ceria at SOFC temperature”, Journal of

Power Sources, In Press
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operating temperatures”, Chemical Engineering Science, In Press
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            (0�E��	��WE)    Design of hydrogen production unit (Reformer) based on the

feedstock available in Thailand for application in SOFC
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(Methane Steam Reforming) ������
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�E�!�3�
��'��&�<E!���6��[�=��)�!�&'��8!�/�
�����%++

��
�����8�
��+'�
���/��0�� 3�	�����(���� �+'8��&'��8!�/�
����������� ��Z���!�
��
�����63���&+��

���� �

��
�!%++��
����%)\!�E�!(�
��+'�
���/��0�� 3�������
����	�������08=���� �����!��
�&'��8!�/�
���������

�� ���(��'�('8�!�'�8�
��+'�
���/��0���3�
'8��&'��8!�/�
�����������
&������!�������������C+&� (��8� ���
�
)

%
�(��'�(�������
���
������+�������' (Carbon formation) 60!
'8�(�
 %�8��������8)�!
������&'

��8!�/�
�����%++��
������
���!
��%���0���� ���
�!�&'������Z���	�����%��(������8� 
G��[��(�����E�!(�

68'����
�+)�!6����	������+���&'����J ��08��'� (��8� ����� 	����� %
�+�'���) ������
 ���� �(��

��
%
�'�'�('8�!�'�8�
��+'�
���/��0��������3��
���� %
�68!�
���6����	������+����
8��� �����
��

��
�/�
�����
���/��0� (Reforming) �)�����&!68'��
&
)�!��

���� ���
�!%
�68!�
������6��[�=��
��

�3�!��)�!��

���� ���
�!
�
! �E�!����!�/�+&��%
�'��� ���
�!��
8��� �8���<0
�����!�����!(�

'8�
�����

(����������	����� �����!��
6�(��<������&�'�� %
�����<0
 �&!�& �!��'��&��� �E!�3�����
��)E �������&W��

%
���&+��C!����)�!�&'��8!�/�
������'(<E!
��+'�
����������
���
����	�������
'&�<C��+�����8�!J

��E�!�����:���(�)����������+)�!
��������	�	
����

���� ���
�!������(���� ���
�!���6�(��<���

!���8'(
&+���	�	
���&!

8�'������
��
��%6�??I�(�
(�� ������8� 
G��[��(���� 
G����'=�� (Biogas)


G����

��+'�
����'('
 (Synthesis Gas from Biomass Pyrolysis and Gasification) ����%(�%�8�+

	�������
 ��
6�(��<6���!���	�	
����
����
����'&�<C��+�&!

8�'����Z���	�������������!������

�

��� ���
�!��� <E!%(��������������!�� ����	�	
����

���� ���
�!��
�8�!�����:�)��(� ����Z�
��
����

�C�)�!�����:������8�!(�
(�� ��������&��

� ���	�	
����	����� %
���

���� ���
�!��(�
��
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�&W�������!�����!�����!��B������8�!%��8�
��%�8��� 	��(������
��)��%�
� Conventional Fuel

%
������6��!%'�
��(��Z�%�!�
&
�&� %�8�����!��
����� 63��&�)�!�����:������:&
�=��)�!
��

�&W�����	�	
���&!

8�'�������:�&!�(86�(��<�&�����(���
&+�8�!�����: 6��!����'��3�����
��������

%�
��������(�&W��6��!����8���(� Potential ��
���3�����
��(�
���6C� ����
��������	������
6��!���(���08

���(�
���6C� �&������&' Resource �&����! 
���&W����++�
����	������& ����8'���������:���6�(��<


�����C�)�!
��������	�	
��
!�����
(�
�����!�����!������� ��
�& !���6��[�=��
�����!��)�!
G��

[��(������
���
����	����� %
�
��%6�??I���60!
'8�
���3����	�	
����
�8�!�����:(������8�!%�8

��� �����!��
�CB6(+&�����%�
�8�!
&�)�!'&�<C��+��%�8
������: ��8���
�B�
G��[��(����)�!�����:

����E�!(����(�B����+������
����60!(�
�(�������+
&+�����:����J 
���
��
6=�'�)�!��++�
��

��	����� %
�
���
��
�&'��8!�/�
�������������������6�(��<�
����	�����������(�
���6C���%�
�8�!
&+

���	�	
��
���
��
G����	�������

G��[��(�������(����(�B����+������
������08���� ��Z����

��E�!�
��������

����
�!���8'! 2 ���E!����&+
����+�&+�������(����'�6�����&+��������
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��2-�)����$��	�

�'�A�

'&�<C���6!���
&
)�!	��!
���� ���
���&W���&'��8!�/�
�����63���&+
��+'�
���
����	�����

�����������	����63���&+��

���� ���
�!%++�CB�=0(�60! (High Temperature Fuel Cells) 	�����'&�<C��+���

6�(��<������������:�����8�
G��[��(���� 
G����'=�� 
G���C!��( ������
 %
��(����
 �E�!
��

�3�����!��'��&����8'! 2 ������8��(��& � �0�'��&����6���!��8'��
����	����� (Hydrogen Production

Testing Unit) �����&+ Lab-scale %
�:E
#�<E!
������&'��8!�/�
�����������(8�E�!������	�	
����	�

(Nano-technology) �)���8'���
�������(�& ���� Nano-composite CeO2 (HSA: High Surface Area)

%
� Ni/Ce-ZrO2 �'(<E! CeO2-doped Ni/Al2O3 ������3�
�������+����+�CB6(+&��
&+�&'��8!�/�
��������(�

��08�����!��B������8� Ni/Al2O3 	��
�������+����+�&!

8�'����3�
�������+����+<E!�6<���=�� (Stability)

%
�:&
�=�� (Activity) ��
���
����	�������

��+'�
����?���((��!����=��8�!J ��8� Steam

Reforming, Dry Reforming, Autothermal Reforming, Partial Oxidation, %
� Cracking ��
��
�& ��&!

�3�
��:E
#�<E! Kinetics )�!�&'��8!�/�
�����������(8��������()E �(���'� 	�����8'! 2 ������8��(���!�0�'��&�

����3�����
�����'&�<C��+�����8�!J ������
����	�������

��+'�
����?���((��!����=��8�!J �&!�� 

- ���(������Z�6���& !��� %
����
��+'�
����?���((��!��'�� 3� (Steam Reforming) %
�
��+'�
��

Autothermal Reforming ��Z��/�
������
&
�����:E
#�<E!�CB6(+&�� Kinetics )�!�&'��8!�/�
�����

Ni/Ce-ZrO2 �����+����+
&+ Ni/Al2O3

- ���
G����'=�� ((���� + ����+������
����) ��Z�6���& !��� %
����
��+'�
����?���((��!��'�

����+������
���� (Dry Reforming) ��Z��/�
������
&
 +��&'��8!�/�
����� CeO2 (HSA) �����+

����+
&+ Ni/Al2O3

- �������� %
�	����� (�E�!��Z��!�����
�+��
G��[��(����) ��Z�6���& !��� %
����
��+'�
��

��?���((��!��'�� 3� (Steam Reforming) ��Z��/�
������
&
 +��&'��8!�/�
����� CeO2-doped Ni/Al2O3

�����+����+
&+ Ni/Al2O3

- ����(����
��Z�6���& !��� %
����
��+'�%�
�&' (Cracking) %
�
��+'�
����
������+�!68'�

(Partial Oxidation) ��Z��/�
������
&
+��&'��8!�/�
����� CeO2 (HSA) �����+����+
&+ Ni/Al2O3

- ���
G���C!��(��Z�6���& !���������
����	�������

��+'�
����?���((��!��'�� 3�%
�
��+'�
�� 

Autothermal Reforming +��&'��8!�/�
����� CeO2 (HSA)
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- ���������
��Z�6���& !���������
����	�������

��+'�
����?���((��!��'�� 3� +��&'��8!�/�
�����

CeO2 (HSA) + Ni/Al2O3

�E�!��
�

���3�����!����
�!�+'8�
�����6�� CeO2 ��Z��&'��8!�/�
����� ������Z��&' Support

%
��&' Promoter 6�(��<�8'�����(���6��[�=����
���
����	����������Z���8�!���(��������+����+
&+

Ni/Al2O3 �E�!(�
�����
&���8�!%��8�
��������C+&� �E�!
�����6�� CeO2 ��
��+'�
����?���((��!<E!��Z�

�����!��(8 �&!�& ��
��������

����
�!���8'! 2 ���E!����&+
����+�&+�������(����'��6�����&+��������

(International Journal) 6 Y+&+ %
���08�����'8�!
��%
��) (Revised) 1 Y+&+ ��08�����'8�!
�������B�

(Submitted) 1 Y+&+ ��
��
�& ��&!<0
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7 Y+&+ �&!%6�!���
���������������)�!���!��

��E�!��� ���!��'��&�������3��6�����
�+��'�
���'+�'()��(0
����!��'��&����������(��'�(�
���'

)��!
&+���	�	
��
���
����	����� (+���� 1) %
����	�	
����

���� ���
�! (+���� 2) 	��
��+'�
���
��

��	������������
&
�����
��+'�
����?���((��!�E�!(�
��:E
#�'��&�
&���8�!%��8�
�������!��
��Z�


��+'�
����� ��(��6(%
�(����6��[�=��(�
���6C���
���
��
G����	�������
6�����
�+

��	������+������
G��[��(���� �
&!��
�& ��E!�3��6��)& ����%
�'�[�
���3�����
��'��&��&����
�+��'�


��6���!��++��������
����6�+�&'��8!�/�
����� (Reforming Catalyst) �������?���(6����	������+����

��Z���	����� (+���� 3-4) �'(<E!%6�!�
)�!
����
�!�������3�����
�����E�!��(C8!���������
����6�+

�6<���=�� %
�:&
�=��)�!�&'��8!�/�
���������
��
)E � �'�(��������8�
���
������+�������' %
��8�

Product Selectivity ����
�������Z���� (+���� 5-9) %
���+�6C����� (+���� 10) ��+�����<E!
����
%++

��++��?���(�(������0�%++��(8 �'(<E!
���3��((�+��(����!������++��?���(�(���



���!���'�(
��'����Y+&+6(+0�B� 	��!
����
%++��++�
����	������E�!���'&�<C��+���6�(��<�������
�����:�����Z�6���& !��������8�!(����6��[�=�������������	��������

���� ���
�!%++��
����)�!%)\! (MRG4780166)

9

�''(  1

'WE@('( ��( �$3#���	��'������(����������������12 �!"#*����"��!�������"2-��1���

1.1 �'������(����������������12 �!"#*����"��!�������"2-��1���

������C+&������6=��%'�
��( %
����
/
��B������
���
��Z���������63��&���8�!��E�!)�!

	

 
��+'�
�������(� (Combustion Process) <0
�����8�!%��8�
��������
���
&!!�����0�%++�8�!J

(���Z��'
���� <E!%(�'8�
��+'�
���� ������&+
���&W��(���Z��'
���� %
��&!6�(��<�
���
&!!��

��
(������'�����C������3� )���6��63��&�)�!
�����
��+'�
���� ������
���
&!!�����
��(�
G���6����
��



��+'�
���� �3��'�(�
 ��8� NOx ���� COx ��Z���� �E�!
G���6����
8��� ��!���68!�
�8����
/
��B������


���
 ����!�����%
��)�E�!(�
���&W����8�!�8������!%
�
'��!)'�!������C+&����
�������

���� ���
�!

(Fuel Cell) �E�!��Z����	�	
��6�����������!<0
�&W��(��(8���(��� �)��%�������
���
��
��%6�??I� ��

�

��� ���
�!�3�!��	�������	�������Z���� ���
�!�&!�& �
G���6��<0
�
8����
(��E!(����(�B��3�
'8�
G���6��

�
8����
������!����6&����=����(�
 ���	������
���
����E�!)�!��

���� ���
�!�(��������+����+
&+


��'�
�������(�������6��[�=��)�!��

���� ���
�!��
���
���
&!!��60!
'8�
��'�
�������(�(�


��

���� ���
�!�����8�!J ����&+�'�(6�����
+��#&��8�!J(�
(���&�'	

 +��#&��
���<������

�
�������:����3�
���
���<������

���� ���
�! ������8� +��#&� Honda %
�+��#&� Toyota )�!�����:

����C�� +��#&� Fiat  )�!�����:����
� %
� +��#&�  General Motor  %
� +��#&� Chrysler-Daimler )�!

�����:6��&;��(��
� ��
��
�� �&!(�+��#&�%
�	�!!���C�6��
��(��
(�
(���& !����(��
� �C	�� %
���

����
3�
&!�3�
���&W����

���� ���
�!������!������CB�=0(�60!
'8� 500 �!:���
����6 (Molten Carbonate

Fuel Cell; MCFC, and Solid Oxide Fuel Cell; SOFC) ������
��
��%6�??I��8�����
&+�����08��:&� �'(��

<E!	�!!���C�6��
��( ��68'�)�!!��'��&�%
��&W���& �����8��(�(�!��'��&�(�
(�����:E
#��
���'
&+


��+'�
���
����	�����	�����6���& !���%
�
��+'�
���
�����%�
�8�!
&� '&�<C��+���(&
�3�(�:E
#�
&�

���
�+��'��
��=&B��� 3�(&���	���
��(�&����%
8 
G��	�
�� %
�����
�����!��
��� ���
�!��
8��� (�
�����
&�

��8�!%��8�
����08%
�' %�8�����!��
������C+&�� 3�(&�����((�����60!)E ��E!(�
���3�'&�<C��+����(����������
��


G����	������&����%
8 
G��[��(���� (Natural Gas), ���� '&�<C��+��
%�
8!�
&!!����%���8�!J �&�

���
�+��'� 
G����'=�� (Biogas) ���(��!�����
�+�
&
��Z�
G��(����  �([���
 %
�������
 ��Z����


����
�����0�)�!��	���������Z�
��%6�??I�	�������

���� ���
�!�& �(��'�(�
���')��!
&+

���	�	
���8�!J(�
(�� 	���
&

��%
�'%�
8!�
&!!����%���8�!J��8�'&6�C��'('
 �����!<0
%���0���

��Z���	������6��
8���E!���3���������	��������� ���
�!����

���� ���
�!��� ��
��

��%���0�'&6�C��'



���!���'�(
��'����Y+&+6(+0�B� 	��!
����
%++��++�
����	������E�!���'&�<C��+���6�(��<�������
�����:�����Z�6���& !��������8�!(����6��[�=�������������	��������

���� ���
�!%++��
����)�!%)\! (MRG4780166)

10

('
��Z���	�����%
�' ��	�����6�(��<�
��)E �(���'�
��+'�
������J ��
��8�
��+'�
��%�
� 3�	��

��:&��??I���
�
&!!��%6!������� 
( � 3� ��Z���� �E�!���
������)�!���	�	
������
���')��!
&+
����
����

�0�)�!�
&!!����%������Z���	����������������	������
���
��
��%6�??I�	����

���� ���
�!(��&!

%6�!�� Flowchart ����
8�!�� 

��*'(  1.1 %��=��%6�!���
������)�!���	�	
������
���')��!
&+
���
����	����������������	������
��

�
��
��%6�??I�	����

���� ���
�!

Hydrogen Fuel Cell

'&6�C��'('



��+'�
��

�(&



��+'�
��
G����?����&��


��+'�
�� Water-Gas

Shift Reaction


��+'�
�� Purification


��+'�
����?���((��!

������
 
G����'=��

�
&!!��%6!������� �
&!!��
(�
&!!��� 3�


��+'�
����!

��(��??I�

� 3�


��+'�
��%�
�&'� 3���'�

'�[���!�'�(������(�

��+'�
����!

��(��??I���!%6!


��+'�
�� Biohydrogen

production

�
&!!���??I�
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1.2. 'WEY(���)�	��������$�3���'������(��������������� [1-2]

1.2.1.   ����$����'���$���#�� (Thermal Process)


���
��
G����	�������
%�
8!�
&!!����%��	��
��+'�
����!�'�(���� (Thermal

Process) (��
��
��+'�
�� 
��+'�
���
&
J ����0��&

&���8�!%��8�
����� 
��+'�
���/��0���'���

� 3� (steam reforming) 
��+'�
���/��0���'�
G������+�����G�
���� (dry reforming) 
��+'�
���3�

��
�����&�+�!68'� (partial oxidation) 
��+'�
���8'()�!
��+'�
���/��0���'���� 3�
&+
��+'�
��

�3���
�����&�+�!68'�  (combined partial oxidation-steam reforming) �����������

&�'8� autothermal

reforming �E�!
8�������
��+'�
����
8��� �
����	����������������	��������

���� ���
�!%�
8!�
&!!��

��%���8�!J �����!<0
%���0������Z�6���& !���)�!�/�
�������
8��� �6��
8�� 	��(�
%�
8!�
&!!����

%����8��(� )�!��
�������!
���
#�� %
�)�!�6�������Z�)�!%)\!�E�!����
�'(J
&�'8�'&6�C��'('


(Biomass) �����!�8��
��+'�
���(&
 (Fermentation) ����
��+'�
�� Digestion �����������
G����'

=�� (Biogas) ����������

8�����3�6����������
8��� �8���)��
��+'�
���&!���

8�'(� �E�!%�8
�
��+'�


���8�!(�)����)���6���& !�� )E ���08
&+����=�)�!6���& !��� �&'��8!�/�
����� %
�6=�'�
���3�!��)�!��++

��%�8
�
��+'�
��(��&'%���
�
�
��������!�3�
��:E
#� �
�������!(�
���&W���&'��8!�/�
��������

��(��6(������'�(�C�(�8���!�:�#;:�6���

��
��

���3�'&6�C��'('
��
8��� ���8��
��+'�
���(&
�&!

8�'(�����+�%
�' '&6�C��'('


�����<0
��
������Z�
G����	�����	����!����
���

��+'�
��
G����?����&�� %
���

��+'�
����E�!�E�!

6�(��<6&!���������	�����������
��+'�
��%�
�&'� 3���'�'�[���!�'�(������(� 
��+'�
���8�!J���



8�'(���
8��� (����
�������&!�8����� 

1.2.1.1.   ����$����*@���*�#$����-A� (Steam Reforming)


��+'�
����?���((��!����
��+'�
���/��0�
&+��� 3���Z�
��+'�
�����������6��[�=��

��
���
��
G����	�����60! �6���8�����8������
'8�'�[����� %
���Z�'�[����%��8�
��%
��3�(������!


�����%
�'    	���
&

��)�!
��+'�
���� ��� 
���E![��C��	�������
��	������+��%
���

� 3������Z�'&�<C��+ (feedstock) )�!
��+'�
����
(����

����Z�
G����	�����������(�
���6C�

�E�!
��+'�
���
�������
�+����'� 4 )& ���� ��� 1) 
���3����'&�<C��+(��'�(+��6C�[�� 	������

���
��
3��&��&
�?�����
  2) 
���
���/�
������/��0�
&+��� 3�)�!��	������+���E�!���3�����
��


G�� H2 CO %
� CO2 3) 
���
�� shift reaction )�! CO ���

����Z�CO2  %
� 4) 
���3����


G�� H2 +��6C�[�� 	��
3��&����
G�� CO2  CO %
���	������+������J ��




���!���'�(
��'����Y+&+6(+0�B� 	��!
����
%++��++�
����	������E�!���'&�<C��+���6�(��<�������
�����:�����Z�6���& !��������8�!(����6��[�=�������������	��������
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��
�B�������
G����'=���E�!(��!�����
�+�
&
���(������Z�'&�<C��+�����!�3�
��
3��&��&


�?�����
��

G����'=��
8���3��/�
����� 	��
G����'=����<0
68!�8���)��608�+����+���C��'���!��

��
���� (ZnO) �
&!��
�& �
G��������:��
�&
�?�����<0
�6(
&+��� 3��������!�'�

(superheated steam) �
���/�
������/��0�
&+��� 3�)E � �/�
������/��0�
&+��� 3��� ��Z��/�
������0�

�'�(����������!
���CB�=0(�60!<E! 760-925oC %
�(��'�(�&���08��� 2 MPa �E!(�
���3��&'��8!

�/�
�����(�������������(���6��[�=��)�!�/�
�������   
G������8����
(���
������!��?���(�(����E�!

���
�+����'�
G�� H2 %
�CO ���8���)��608)& ����
���E!�'�(������
 %
�'�I���)��608������!

�/�
�B���
����6�� (shift conversion) ����
�� shift reaction ������
�� H2 ����������()E � 	��

�/�
������� ��Z��/�
���������'�(�������(��CB�=0(���08���'8�! 200-400oC �3�������(�B CO 
�


!��
�����(�B 0.2-0.4% 	�����(��� 
G�������
(���
������!�/�
�B� shift conversion ��

<0
68!�8���)����8'��3����
G��+��6C�[�� (gas purification) �������
3��&� CO2  CO �����
����
 shift

reaction %
�
G������J ��
������������
��=&B�������Z�
G�� H2 ���+��6C�[��  '�[�
��
3��&�
G�� CO2

6�(��<�3�����
��'�[� '�[���E�!��'�[���
8��& ����
��+'�
���&+%++����
 (wet scrubbing) ������

6����(��3��'
	(	�����	�
�(�� (monoethanolamine) �&
?���
 (sulfinol) %
� 	�%�6����(

����+�������� (hot potassium carbonate)  ��
�B�����&!(�
G�� CO %
� CO2 �
!��
����08 
G��

��
8��� 6�(��<<0

3��&���
	����<0
��
���������Z�
G�� CH4 	��
���
���/�
������([����&��

(methanation) 
��+'�
���& !�(��� ���3����
G�� H2 ��������)& ����6C�����(��'�(+��6C�[��<E! 97

<E! 98% 
��+'�
���/��0���'���� 3� (steam reforming) ��Z��/�
������0��'�(����������!
��

�CB�=0(�60!�E!(�
���3��&'��8!�/�
�����(�������������(���6��[�=��)�!�/�
�������  �&'��8!�/�
��������

������
�+��'���
�
� 
��
����
&+�
0(���%
��&'68!�6��( 	���CB6(+&��)�!�&'��8!�/�
��������

���!
����� �'�('8�!�' �6<���=�� �'�(%)\!%�!��!

 %
��'�(��������8�
���
��)�!

����+������� ��
�B�������������
��

��+'�
���(&
��Z�'&�<C��+�& �)& ����
���3����'&�<C��+(�

�'�(+��6C�[������
��
3��&��&
-�?�����
6�(��<�&��� !��������!��
6���& !�����08��6=�'�)�!

��
'���(8(�����(�6�����
�+�&
�?���������08����(�
 
G������8����
(���
������!�/�
�B�

(reactor) �(������������
��Z�'&�<C��+68'����8�����
�+��'� 
G�� H2 %
�CO 	��(�CO2 %
�

CH4 ��Z��
��=&B����!

1.2.1.2.   ����$����*@���*�#$�����������������


��+'�
���/��0�6�����
�+��	������+����
��
�������� 3���Z��&'����'���!%
�'�&!

6�(��<���6�����������
 ������8� CO2 �&'��8�!)�!�/�
������/��0�(��[���'� CO2 6�(��<�)������

�&!�� 



���!���'�(
��'����Y+&+6(+0�B� 	��!
����
%++��++�
����	������E�!���'&�<C��+���6�(��<�������
�����:�����Z�6���& !��������8�!(����6��[�=�������������	��������

���� ���
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����)�!%)\! (MRG4780166)

13

CH4  +  CO2   �   2H2  +  2CO


��+'�
���&!

8�'��(����	������
����
����
G����'=������Z���	����� �����!��



G����'=����(�68'��6()�!����+������
����������08%
�' )�
��
�& ��/�
������&!

8�')��!

���<0
�3��6������������Z�'�[�
����������
&
�
\+%6!���������������!�/�
�B���(��������
'8� Solar

driven volumetric receiver/reactor

1.2.1.3.   ����$�����������"	����
.$� (Partial Oxidation)

	���
&

��
��+'�
����
�����&�+�!68'�)�!6�����
�+��	������+�� ��� 
���3�

�/�
��������'8�!6����	������+��
&+��
��������(����(�B�(8����!���8�
���
��
�������(�

��8�!6(+0�B�)�!
��+'�
����
�����&�+�!68'�  �/�
������
&
����
��)E ����

2 CHn + O2   �   2 CO + nH2  

�/�
��������
��)E ��� ��Z��/�
���������3�
���&�[����'8�!��	������+��-��	������+���E�!

����3�����
����Z�����+������
����08+��&'��8!�/�
�������� �/�
�������
�����&�+�!68'�%++����&'

��8!�/�
����� (Catalytic Partial Oxidation Process, CPO) ����&+�'�(6�����
�&
'��&��&�'���& !�� 

�����
��+'�
���������
��
G��6&!��������� (�)����������+��������
'8�
��+'�
���/��0���������� 3�

�&!�8����� 

- 
G��6&!�����������
��)E ������(��8�6&�68'� H2/CO ��3��E!��(���������
����[���
%
�

��� ���
�!6&!�������

- ������!�/�
�B���(���������
��+'�
�� CPO �� ��!8��
'8�
��+'�
���/��0�	�������

� 3�������(8�3���Z����!���%�
8!�I���
&!!����
=����
 (externally fired heater)

- 
��+'�
�� CPO ��(��8��'�(�'%
�
���
��
�3�����63���&+�
��
G��6&!�������60!

- �(8(�
���
8��
G����#�������(8���!
�� ������8� CO2  NOx %
� SOx

�&'��8!�/�
�������������
��+'�
�� CPO ����&'��8!�/�
�������������
�
� 
��Z��&'�
&

&+�&'

��8!�/�
����������� Rh ��Z��
&
  �E�!63���&+�&'��8!�/�
���������=��
&!�� ��(��'�(�' 
���
��


�3�����%
��6<���=��60!  %�8[��C Rh �� (����(�B��08�����E!�3�����&'��8!�/�
�������������
�
� 
(�
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�'�(�8�6���(�

'8�  	���
�����(�B)�!��
���������I�����!(��8�60!
'8��8��'�(���!
����(

���(�B('
6��6&(�&�[�   ��
�B�)�! CH4  �8���
������8�(��[����!(�

'8� 0.5

1.2.1.4  ����$�����.$���)$.�����*@���*�#$����-A��	��������"	����
.$�


��+'�
���/��0���'���� 3���(��63���&+�����
����
����6�����
�+��	������+�����

�+������Z���	���������� %�8�(8��(��63���&+6�����
�+��	������+�������&
  ��
6�����
�+

��	������+����&
(&
���!���
��+'�
���8'(���'8�!
���3���
�����&�+�!68'�
&+
��+'�
��

�/��0� �& !�� �����
���3���
�����&�+�!68'�)�!6�����
�+��	������+����&
���3��������
��

=&B�����(�
G������+��(���
������0860!  ��
�& �����+��(����
�������3��/�
�����
&+��� 3������

�
�� CO2 %
� H2   
G����
���������CB�=0(�%
��'�(�&�60!

CnHm  +  n/2 O2  �  n CO  +  m/2 H2  +  heat

CnHm  +  n H2O  +  heat  �  n CO  +  (n+m/2) H2 

CO  +  n H2O   �  CO2  +  H2  +  heat

��
��
�� �/�
��������'8�!��	������+��
&+��
�������Z��/�
���������'�(���� �
&!

!���������� 6�(��<�3���<8�������
&+�/�
������/��0����'8�!6�����
�+��	������+��
&+��� 3��E�!

��Z��/�
������0��'�(���� �&'��8�!��E�!)�!
��+'�
��������
��+'�
���8'(���
����
���� CH4

���

����Z�
G��6&!�������	�����
��+'�
���8'(�& !6�( (CO2 reforming, steam reforming

%
� partial oxidation)  �&!�/�
������8����� 

CH4  +  H2O  �  CO  +  3H2    (-
oH298�  = -206 kJ/mol)

CH4  +  ½ O2  �  CO  +  2H2   (-
oH298�  = 38 kJ/mol)

CH4  +  CO2  �  2CO  +  2H2   (-
oH298�  = -247 kJ/mol)


��+'�
���&!

8�')��!���6�(��<�3�����
����6�!)& ���� 

8�'��� 
�����+�!68'�

)�! CH4 �3��/�
�����
&+ O2 �
����Z� H2O 
&+ CO2  	����:&�
����
�����&���8�!��\(�����
�& �

CH4 �����
���E!�3��/�
������/��0�
&+ H2O �8'(
&+ CO2 ����
����� �
����Z� H2 %
� CO �&!�/�
�����

�'(�8����� 
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%++��++�
����	������E�!���'&�<C��+���6�(��<�������
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CH4 + 2/3 H2O + 1/3 CO2  �  4/3 CO + 8/3 H2  (-
oH298�  = -219 kJ/mol)

)����)�!
���3��/�
������/��0��8'( ������3����6�(��<��&+�8��&���68'�)�! H2/CO ���

�����08���8'!��(������!
��  ��
��
�� �&!��Z�
������
��=&B��)��!����! (CO2) ����
����
�/�
�����

water gas shift reaction (��(6(
��)��!
8�!) �����Z����	����

CO  +  H2O   �  H2 +  CO2   (-
oH298�  = -41 kJ/mol)

1.2.1.5.   ����$������������&��#$��$���#�� (Thermal Cracking Process)

'�[��� ��Z�
������'�(������
��%�
	(�

C
)�!��	������+����&
������	(�

C
6& �
!  

�E�!'�[��� 	�!

&��� 3�(&�(&
�3�(����%�
	(�

C
)�!� 3�(&���&
 (short residue) ��������
68'�
8�!

)�!��

&��� 3�(&���+ (crude) �������'
%�?[� (naphtha) ����� 3�(&�
G�� (kerosene) (�


)E �  %
���
!��'��&�)�!�=��&� ���������'!#�%
��B� [1997] ����+'8��/�
�����%�
6
��

	(�

C
��'��'�(������ ��Z��/�
��������63��&��&���E�!��
���
��
G����	�����

1.2.1.6.   ����$�����1�����(
/�J����B\��"	-�

	�	�����6�(��<�
�������
��'('
	��
��+'�
����	
�
��6/
G����?� ���& � 

(Pyrolysis/Gasification) �E�!��
��+'�
���� �����!���
�+��'�
���
\+�'+�'(��'('
 
��)�

68! %
�
�������(��'('
 �& ����)�!
�������(��'('
���
���')��!
&+
������'�(����%
86��


�
��)�� ������'('
/� 3��������CB�=0(�60!=������'�(�&���������!�/�
�B���(� 
����&+6=��

	��
������'�(������ ���3������'('
�
��
��6
���&'%
��
��
��+'�
���\�
������+�!68'� 

(Partial Oxidation) 
G������
����

��+'�
���� �����
�+��'�����+��(����
����

����+������
���� ��	����� (��[� %
���	����� 68'������
��!����
8�!)�!������!�/�
�B���

��Z�68'����(�[��C����Z��
&
 
G������
������������<0
�I���)��������!�/�
�B� water-gas shift

�������
�����
��=&B��
G�������Z���	��������(�
���6C�%
�(�����+��(����
����������08����!

�
\
���� 
��+'�
���3����
G����	�����(��'�(+��6C�[��6�(��<(3����	��
��+'�
���0��&+%++

��
����%�
!�'�(�&�

��++�&!

8�'�� ���
����
E!
&+
��+'�
��
G����?����&��)�!<8����� (Coal

Gasification) �
�'����!���'8���++
����&+6=��	��
������'�(����)�!��'('
%
�
����


%++������!�/�
�B���(� ��
�����+����+���
3�
&!
���
�������8�
&�%
�'������!(����������
���
��

��	�������
��'('
��(�)������8
'8�
���
����
<8����� �& !�� ������CB�8���!�'�(�����8�
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��E�!��8'�('
)�!��'('
(��8���3�
'8�)�!<8����� %
�������68!�
�3������������C���
���
��

��	�������
��'('
60!
'8�
���
����
<8�����

��68'�)�!
���3����
G��������(��'�(+��6C�[���& � 
��
3��&�6�����
�+�&
�?������������08

��
G����������

��+'�
��6�(��<�3����	������&'�3�
�
���3��'
����+����%
���(�� 	��


G����������<0
�3������\�
!(�
8������CB�=0(� 130 <E! 150 �!:���
����6 ����!�/�+&���& ���(���!

�
��
��
��
3��&�6�����
�+�&
�?������������08��
G�� 2 ��++��� ��++��!��(� %
���++��!


��=�� 	��
���
��
�����)E ���08
&+���&+)�!�'�(+��6C�[��������!
�� �'�(�&�)�!
G�� %
�%?�

���������J  63���&+'�[���!��(� (�&'�3�
�
������	+���������(��) �& ����
���')��!
&+�/�
�������!

��(��������

&+���)�! H2S %
� CO2 
&+�&'�3�
�
���'
���(�)& ' (Polar group) �E�!�&'�3�
�
��

�'
�� 6�(��<�3�

&+(������(8��� (Regenerate) 	�����
��+'�
���
8
G��	�������� 3�%++

��++��� (Closed Steam Stripping) ����'�(�&������3�
'8� ��++�����Z�������(��8�!
'��!)'�!��


��+'�
��
G����	��)�!��	���
��( (Petroleum Hydroprocessing) �����++���(�
�����6��

Diisopropyl amine %
� methylethyl amine 	�� Chow %
��B�����3��6�����
������)�!

��++����+���� �E�!	���&�'J�����3�
��
3��&� H2S ��
���<E! 99% %
����(�B)�! COS %
�

CO2 ���6�(��<
3��&��������Z�?�!
��&��)�!�'�(�&��8��)�! H2S/CO2 �&'�3�
�
�� %
�%?������

����J


&
#B���!
��=��)�!�&'�3�
�
����������6�(��<�0��E(
G�������Z�
�� (H2S %
�

CO2) �������'�(�&�60!	���&'�3�
�
���� ��<0
�3������%
��3�

&+(������(8	��
���3� Flashing

����'�(�&������3�
'8� �����!��
�'�(6�(��<��
��
�
�����'8�! H2S %
� CO2 (��'�(%�
�8�!


&� �
��J ��++�E!(�
����
%++%�
�8�!
&�����(
��+'�
���0��&()�! H2S

�
&!��
��� H2S <0

3��&���
��

G��%
�' H2S ��<0
%�
�&
�?�����
��
��& !��E�!��������C

�
��!6��!%'�
��( %�8�����!��
'&6�C��'('
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�?�����3� ��8'�%�
�&
�?����E!�(8(�

�'�(�3���Z���%!8)�!
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�'������(������"2-��1���

2.1 �'������(������"2-��1��� [3-17]
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���� ���
�! ���� Fuel Cells ����(��Z�����0��&
%
��C���0�����(�
)E ���
)8�'6���'�(
��'����

��!����'����
��%
����	�	
�� ��
����Z�������!(��������
3������??I������

��+'�
����!��(� 
�����

!��)�!��

���� ���
�!�������(%��8�
�� ��� 
�����!�����C�
�B����
\
�����
6�%�����%+��������&!������C+&�

��8� ������!��(��'����� Notebook 	��:&���(��<�� �E�!�C�
�B���
8��� �&!�(8(�'�!�3���8�� ��Z�%�8����!��

���� %
�������!���%++��8��& � ��
��
�C�
�B����
\
�����
6�%
�' ��

���� ���
�!�&!���(�
��

8�'<E!(�


���C�6��
��(������� ��� �<�����??I����%++�& � 68'����8%
�' ��Z��<���)&+��
������'��??I���
��

�

��� ���
�! ���������++��+��� ���'8�!��

���� ���
�!%
�%+���������

���� ���
�!���
3�����
��%6�??I����

	����:&��/�
������??I���(� �E�!�
���
&+�
&

���3�!��)�!%+������� ����!%�8%+�������(����C
�����!�����

%�8��� �3����������Z��&'�
\+����C %
��8������C ��
�����!���E!���!�3�
��������?
8���3������!�� %
�

���!������?��(8�(����(�%�!�&� 
��%6�??I�����
��)E �����

���� ���
�!�& �(���

���
����
�����&�%
�

���&
�&����)& '�??I�%�8
����� �(����8�)& '�??I���
8�����
��
����
�'���)�!���
\
���� 	���&�'��%
�'��� �

��
�! (fuel) �����Z��&'��8�!)�!�/�
�������(���� 
G����	����� %
�(�
G����
�������Z�6����
��%����

�/�
��������&
�&�)�!
G����
������& ��
��)E ����)& '��	��%
��/�
�������
�����&�)�!��	������
��)E ����)& '

��	�����
\
�����E!��
��
)& '��	���8��'!�������)& '��	��������3��/�
������&!%6�!���0���� 2.1

��*'(  2.1 68'����
�+�
&
 %
�
���3�!��)�!��
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�!
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�/�
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���� ���
�!�& �(�
�����!����& !%�
	��:�6�����������6����� �?������
 ����+��

(Christian Friedrich Schoenbein) ���� �.:.1839 '8�(�
��%6�??I��
��)E ���
�/�
��������'8�!��	�����

%
���
����� 	�����
���&
?C��
 %
�
'�%�
���&( �����'�
�
��( 	
�'�? (Sir William Grove) ���!����

��
 1 �����<&�(�<E! ��+�������������%�
���&(%
�6&!
�6� �(������
���&
?C��
%
������
��Z����
\
	���
�� �E�!

<��'8���Z���

���� ���
�!������!%�
��	

 �
&!��
�& �
\���(�
���&W��)E �(���8�!�'���\'��
��& !��

�!

:�'��#��� 20 ���6��[�=��)�!��

���� ���
�!�& ������
���6��[�=����!��(� 	����:&��
&

����!�����

	(����(�
 �(8�
���')��!
&+'&/�&
�����	��� (Carnot cycle) �����Z��&'�'+�C(���6��[�=��
���3�!����

������!
3������
&!!����
�'�(���� ��8� ��++
&!�&�
G�� %
�������!����6&����=���� �����!��

��%6

�??I�����
�������
�/�
�������(�	����! ���6��[�=��
���3�!���E!60!<E! 85 % ����!�"#$� �& !�� ��� �

��
�!����3�(���������!�3�(�������8����6��[�=�����%�����!��'���
���!(�
��%��6=��
8��
�����!�� 

��

���� ���
�!�3�%�
��
����
����++ )E ���08
&+���
\
	���
�� 	���&�'��%
�'���3�%�
�����Z� 5 ����=�

���

1. Alkaline Fuel Cell (AFC) ���
\
	���
����������� 	�%�6����(�����
������
' 	�������!���
G��

��
�����+��6C�[��%
�
G����	�����+��6C�[����8��& � 
�����!���3�
&���08��!����!�����'
�: ��8�

������'
�:���
	
 �CB�=0(���������08���8'! 60-120 �!:���
����6

2. Phosphoric Acid Fuel Cell (PAFC) ���
��?�6?���
��Z����
\
	���
�� 6�(��<���8�
G������

�����(�

'8�%++ AFC %�8
\�&!������ ���
�!%
���
��%������������'
&� �CB�=0(�
�����!����08���

���(�B 200 �!:���
����6 �����)�!��

���� ���
�!������ ��� 
��
&�
�8��)�!
������CB�=0(�


�����!�� ������C+&����(�
����������!��B����%
�' 	��(�)���
3�
&!�??I� ���(�B 200 
�	


'&���

3. Polymer Membrane Fuel Cell (PMFC) or Polymer Electrolyte Fuel Cell (PEFC) ��Z�����������

	�
��(����((�+����Z����
\
	���
�� �&!�& ��E!�(8(������
&+)�!��
'���
\
	���
�����
&�
�8�������

)�!��
'��������'=������

���� � 3� ��

������� ���!������CB�=0(��(8�
�� 120 �!:���
����6 ���


G����	�����%
���
�������
���3��/�
����� ��Z���

���� ���
�!����3�(����
&+�<�����??I� %
�

�C�
�B����
\
�����
6� ��
��
�� ���(�
���&W���((�+��	�
��(�������(���( ��������6�(��<�8��


��%6�??I������
��� ���
�!�(����
 	���(8���!��
������Z���	�����
8�� �E!����
��

���� ���
�!

������(8�� '8� ��

���� ���
�!�������(����
���	����! (Direct Methanol Fuel Cell) ������CB�=0(�


�����!���8��)��!��3��E!����'
���
������(����������!����
'8�����=����� +��#&��<�����8�! J

�����&
<E!�������!����6��!%'�
��(����
����

�������(�)�!������!���� �E!���(�
���&W��

PMFC �����������<����63���&+������E�!�������(�3�(��
����%
�' ���'8���������&��

���  ��(�
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���� ���
�!��
608�
�������!������� �& !���0�)�!�<�����&�!68'�+C��
 %
��6+&6

+��#&����(�
���&W����8� Daimler Chrysler 	�	���� ?���� ����\( ������ ��66&� %
�(�6��� �����
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��)&+��
����  ��
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�!������ ���
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��I����
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���
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�((�+��	�
��(������<0
���
+�& !6�!������'�)& '���
�	��� ���
\
	�����<0
��8!�/�
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����&( ����	
���6()�!%�
����&( ���������/�
�������(��??I��& !)& '%�	�� %
�)& '%�	��

���������	
��
���������  ��

��:E
#�)�!:0���'��&���(��??I�%
� ��	����)�!

(��'����
&� TAXAS A&M ���%6�!�����\�'8�	
���6(%�
����&(���������08+��&'��!�&+����+��

(Pt + Fe  Pt -Mn  Pt - Ni  Pt - Co) �8'��3����6(��<��
���3�!��)�!���
\
	�����%!8
����8!

�/�
�������(��??I�60!)E � �& !�� �����!(���
�"��
��(
���0��&+��!��(� )�!��
�����
&+%�
���&(


&+	
���6(%�
���&(��%�
�8�!
&�����8��'�(:&
������(�

'8� 0.8 V

4. Molten Carbonate Fuel Cell (MCFC) ���
\
	���
����������Z��'
�

������+�����
�()�!

	�����( %
�	�%�6����(������(�
�(���
)�! 
�����(�
0(���� (LiAlO2) 	���CB�=0(�������!����08
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��++�������8��)��!�&+����

5. Solid Oxide Fuel Cell (SOFC) ��Z���

���� ���
�!������6������(�
��Z����
\
	���
�� �E�!6��������

(�
��� 6�����
�+)�!�����	����� 	�����!������CB�=0(� 650-1000 �!:���
����6 )E ���08
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��
��++%
�6����������Z����
\
	���
�� ��8�����'
&+��

���� ���
�!%++�

������+�����
�( 6��

��	������+���8�! J 6�(��<�3�(������Z���� ���
�!��� %
���
���������
�:�3�(������Z���
��

%������� PMFC �& ���Z�����=����<0
�
��
���������������� (�����! BMW ��8��& �������!
�����

��

���� ���
�!%++��
����)�!��)\! (SOFC) (������Z���++�8���?	���(8��������
��)&+��
����

	���'(%
�' SOFC ���(�
���&W����������Z�������!
3�����
��%6�??I��& !)����
\
=������&'

����� 1-2 kW 	��+��#&� Sulzer Hexis 6'�6�����%
��� ����+��#&� Ceramic Fuel Cells Limited
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��6�+
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��%6�??I����C(����8�)�! +��#&�
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�����'(  2.1: Main types of fuel cells

Fuel cell type     Abbreviation              Electrolyte  Operating temperature, �C
Alkaline                        AFC       Potassium hydroxide     50–90

Proton Exchange         PEMFC       Solid proton conducting polymer 50–125

Membrane

Phosphoric acid           PAFC       Orthophosphoric acid     190–210

Molten carbonate         MCFC       Lithium/potassium carbonate mixture    630–650

Solid oxide           SOFC       Stabilised zirconia  700-1100

Direct methanol           DMFC       Sulphuric acid or solid polymer      50–120

�����'(  2.2: Electrocatalysts in fuel cell systems

            Fuel cell            Anode catalyst Cathode catalyst

AFC Pt/Au, Pt, Ag Pt/Au, Pt, Ag

PEMFC Pt, Pt/Ru Pt

PAFC Pt Pt/Cr/Co, Pt/Ni

MCFC Ni, Ni/Cr Li/NiO

SOFC Ni/ZrO2  LaSrMnO3

����!��� 2.3: Anode and cathode reactions and net ion transport in the electrolyte of fuel cells

Fuel cell Anode reaction                    Net ion transport       Cathode reaction

AFC         H2 + 2OH- � 2H2O + 2e-                          OH- O2 + 2H2O + 4e- � 4OH-

PEMFC        H2 � 2H+ + 2e-      H+ O2 + 4H+ + 4e- � 2H2O

PAFC         H2 � 2H+ + 2e-      H+ O2 + 4H+ + 4e- � 2H2O

MCFC         H2 + CO3
2- � H2O + CO2 + 2e-     CO3

2- O2 + 2CO2 + 4e- � 2CO3
2-

        CO + CO3
2- � 2CO2 + 2e-

SOFC         H2  + O2- � H2O + 2e-      O2- O2 + 4e- � 2 O2-

        CO + O2- � CO2 + 2e-

	��6�C�%
�'
���3�%�
����=�)�!��

���� ���
�!�& ! 5 ������  ��%+8!�����8�!��8�'��Z�����=����

���!������CB�=0(���3� ��� AFC PAFC %
� PMFC �E�!���!���%�
���&(��Z��&'��8!�/�
����� %
����
G��

��	�������Z���� ���
�! ��)B������

���� ���
�!����3�!������CB�=0(�60! MCFC %
� SOFC 6�(��<���6��

��	������+����Z���� ���
�!��� %
��(8���!���%�
���&(��Z��&'��8!�/�
����� �E!6�(��<
��8�����8��
!���
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�����'(  2.4 
&
#B�
�����!��)�!��

���� ���
�!%�8
�����=�������(�
�����!��%
�'

Type Capacity Application

AFC
1.5 kW

12 kW

Apollo Programme

Space Shuttle Orbiter

PAFC

200 kW

11 MW

Power Plant (40,000 hours at 40%LHV electric eff., 80%

cogeneration)

Power Plant

PEMFC

1 kW

200 kW

250 kW

2 MW

< 24 W

Gemini Programme

Transport bus in Canada

Power Plant

Power Plant (8 stacks of 125 kW each, 58 %LHV electric

eff.)

Mobile applications (mobile phone, laptop computer, PDA)

MCFC 2 MW Power Plant (44% LHV eff.)

SOFC
100 kW

220 kW (180kW)

Power Plant (4000 hours at 45%LHV electric eff.)

Power Plant (combined cycle with micro turbine generator

75kW, 55% eff.)
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8!�C(����� %(���+�����������(��� �����3�
&�
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�3�(����
�+
�����!��
&+

������!����%++
&!�&�
G�� ���8'�����(���6��[�=�������
 �����'8����60!<E! 75 %

<E!%(�'8���

���� ���
�!��(�)����(�
(�� %�8��)B��� �<������

���� ���
�!�&!(��������60!(�

'8�

������!����6&����=������08�
����8� �E!���!(�
��'��&�%
��&W����!����'�:'
��(����������'�[�
���
��

%
����
�+���(����6��[�=���� ��(��6(���6C�������3�(���������!������� ��������&��

���  ��

���� �
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��
�!������)��(�(�+�+������'������3�'&�
\��� ������������6��!��'�
��( %
����'
��8����E!����Z�������!


3�����
��%6�??I� ������8�� J �)��(��������������!
3�����
��%6�??I����6��[�=����3�%
�
8�(
=�'���

����C+&�

2.2.   3#��A��	�!��"���'���� ����"���+�E]+�
���
A�)�	�������"2-��1���

��
���!���'�(
��'����)�!���	�	
����

���� ���
�!)�!6��&;��(��
������:. 2003 (Fuel

Cell Report to Congrass 2003) )���3�
&������!������ %
����!�:�#;:�6���63���&+
���&W����

���� �

��
�!�C
����=���������	���������!��������E�!���
�+��'���

���� ���
�!���������	������	�!!���C�6��


��(���������+�������� (Stationary Applications) ��

���� ���
�!���������	������
��)&+��
����)�!

������!���� (Transportation Applications) %
���

���� ���
�!���������	������!������
����� (Portable

Applications) (��'�(6&(�&�[�
&���8�!(�
 )���3�
&����63��&B�& !�
��(��&!�� 

2.2.1.   3#��A��	���2 ������ (Cost)

������Z�)���3�
&�)�!��

���� ���
�!�C
����=�%
��C

�����!��  (����!��'8�������C+&�

�����8��??I��8���8'�����
����
��

���� ���
�!60!<E! 500 <E! 10,000 US dollars �8� kW ��)B�

��������??I�����
�������
 Gas Turbine ��08��� 400 <E! 600 US dollars �8� kW �E�!�8��)��!�8�!
&�

(�
 ������C+&�(��'�(�����(�����
��8�����8���& !��
��6���!��

���� ���
�!%
���
���
��


��%6�??I���
��

���� ���
�!
!	��:E
#�<E!
�����'&6�C����<0

!��
��6���!��

���� ���
�! 

����
��
����(�B
�����'&6�C���(�����%�!
! ��68'�)�!
���
��
��%6�??I�	����

���� ���
�!

�& �(��'�(�����((�
(�������
�
������
&!!��)�!��

���� ���
�!���'8�!
���3�!��
!����


���3�������6��[�=��)�!��

���� ���
�!��
���
��
��%6�??I���)E �'�[�
�����(�
��:E
#�
&���08���

63��&���8� 
���'(��8'��
����	����� (Reformer) �)��
&+��

���� ���
�!���������
��
��%



��
�����'�(�����E�!
&�%
�
&� (Internal Reforming) %
�6�(��<
����(�B�
&!!��������!�8��


! ��
��
�� �&!(�
��:E
#�
����
%++��

���� ���
�!���6�(��<�
��
��%6�??I������8�!(����

6��[�=��(�
���6C�

2.2.2.   3#��A��	��#���
%(��0�1 ���*��
�'/�0�1

�������%)8!)&�
&+���	�	
���
���
&!!������J ���6��[�=��%
����C
�����!��)�!��

�

��� ���
�!��Z�����&����63��&���8�!��E�!�����!������� 	����
��%
�'���C
�����!��)�!�C�
�B��
��

�??I���������	������	�!!���C�6��
��(���������+�������� (Stationary Applications) �'���

(�60!
'8� 40,000 �&�'	(! ��68'�)�!�C�
�B������������	������
��)&+��
����)�!������!����
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(Transportation Applications) �'���(�60!
'8� 5,000 �&�'	(!  �E�!)���3�
&��E�!�3������

���� ���
�!

(����C
���3�!��6& �
!
'8�����'�����Z�(��&!�� 

63���&+��

���� ���
�!%++ Polymer Membrane Fuel Cell (PMFC) or Polymer

Electrolyte Fuel Cell (PEFC) �E�!���!������CB�=0(���3�%
����%�����&�( (Pt) ��Z��&'��8!�/�
�����(&


�����6+�����
��
����6��[�=��)�!��

���� ���
�!��
(�����+��(���
���������)��(�
&+


G��)��)����'� ��
��
����+��(����
����%
�'
��(�6�����
�+�&
�?��������)��(�
\68!�


���
���3�!��)�!��

���� ���
�!
�
!(�
��8�
&� ��68'�)�!��

���� ���
�!%++ Molten

Carbonate Fuel Cell (MCFC) %
�%++Solid Oxide Fuel Cell (SOFC) �& ����(8���6+�����


�� Deactivation 	������+��(����
����(�
�&
 %�8�&
�?���
&+�&!�!��Z�������
&
����3����

���6��[�=��
���3�!��)�!��

�
�
! ��
��
�& �
��������)�!6�����
�+�&
���
�� (Alkali)

���3�������6��[�=����
���
��
��%6�??I�)�!��

���� ���
�!%++  Molten Carbonate Fuel

Cell (MCFC) 
�
!��(�
��8�
&� ��68'�)�!��

���� ���
�!%++  Solid Oxide Fuel Cell (SOFC)

�E�!(��8'!�CB�=0(�)�!
�����!�����60!�& ������6+������
���'
&+
��)����&')�!'&6�C�������E�!���

�3������

�%�
���

2.2.3.   3#��A��	�3���"2-��1���'( !"#

�&!���

8�'(�%
�' ��

���� ���
�!�3�!��	�������	�������Z���� ���
�!�
&
 
��������	����

��
��	�����63���&+��

���� ���
�!��������!�������!��������&!���!
��
��:E
#�'��&�������&W��

�& !��++
���
�� 
���
\+%
�
��)�68!��������(��������<0

! �
��=&� %
�6�(��<�3���������

��8�!6��'
)E � 	�����
�������
���'
&+)���3�
&��8�!J )�!
�������	�����(��&!�� 

2.2.3.1.   )���3�
&�)�!��++
���
����	�����

������C+&������8���8'�)�!��	���������
�������
%�
8!�
&!!��?�6��
��8� 


G��[��(�����&!(�����60!
'8���� ���
�!�&'����J �E�!�3���������8��??I��8���8'�����
�����

��
��

���� ���
�!60!��(����'�  ��	���������
�������
%�
8!�
&!!��?�6��
��(���



��+'�
����?���(��! ����
G����?����&���E�!
��+'�
����
8��� �&!���!
��
���&W��%
�

��&+��C!��
(�
��������6�(��<�
����	����������8�!(����6��[�=��(�

'8������Z���08��

����C+&�

��68'�)�!
���
����	�������
%�
8!�
&!!����%�� (Renewable Energy)

��8���
%�
8!�
&!!��
( ��

�%6!�������������
'&6�C��'('
�& �
���&W���&!�!��08��

�����+� �!��� %
����!
��
��:E
#��&W����
(�
��������	���������!������� ��
�����
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��E�!�3����
���&W��
���
����	������&!�(8����8�����'��������
�������'�(���!
��
��

�����	�����������C+&��� �&!������08

2.2.3.2.   )���3�
&�)�!��++
��)�68!��	�����


�������������	������
��	����������!��������3���Z���������!(���++
��)�68!

����%�
�8�� (Delivery) ����� �E�!��++%
�'�[�
��)�68!��	���������3�
��:E
#���08��

����C+&��&!(�����%�! %
�(��'�(�&������8��)��!(�
 	���Y�����8�!���!
��)�68!

��	����������������	������!��)����
\
 (Small Scale Application) �& ��&!�(8�C�(�8�

�����!��
(������8�)�68!���60!(�


2.2.3.3.   )���3�
&�)�!��++
&
�
\+��	�����

��++
��
&
�
\+��	������&!�3���Z���������!(�
��:E
#�'��&���
�����������6��[�

=����
���
\+��)E � (High Density Storage) %
�����<0

! 
��
&
�
\+��	�����	��'�[�

�&��'�(�&������3������Z���	�������
' (Liquid Hydrogen) ��Z�'�[������(��6(63���&+


�����!����
��)&+��
���������<���� (Vehicle Application) %�8����)�!<&!
&
�
\+�&!

�!60!��08(�
 ������C+&��� (�!��'��&�����'&6�C:�6�����������(����(���6��[�=����
��

�
\+��	����������)E �	�����'�[� Hyydrides %
� Carbon Adsorption Materials

2.2.3.4.   )���3�
&���%!8)�!��++�'+�C(


���3�!��)�!��

���� ���
�!���
�+��'�68'��8�!J (�
(���E�!�3���Z����!(�

��++
���'+�C(����� ������8���++�'+�C(��� ���
�!������  ��++�'+�C(
���3�!��)�!

��

���� ���
�!������
�+
&� (Cell Stacks) %
���++�8�!J ����
���')��! (��8�

Compressor, pumps, humidifier, heat exchanger, sensor, control ��Z����) �E�!��

����C+&��&!�(8(�
��:E
#�%
����!���
�'�(63���\��������!��
8��� (�
�&


�&'��8�!63��&�����3���Z����!(�
��:E
#�������������

���� ���
�!�����!����������


��
��:E
#���++�8�!J ����
���')��!
&+��

���� ���
�!�&!���

8�'(� 
��:E
#���++�'+

�C(�'�(����%
�
������ 3��E�!63��&�(�
63���&+
�����!��)�!��

���� ���
�!���� 

Polymer Membrane Fuel Cell (PMFC) �E�!�3�!������CB�=0(���3� %
��3���Z����!���

��
�:%
���� ���
�!����� �����������

�6�(��<�3�!�������8�!(����6��[�=��
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2.3.   
%��0�13�����	��$���#�$)�#��#���'����3�� Technology

�&!������

8�'(� ��

���� ���
�!�����8�!J ����&+�'�(6�����
+��#&�%
�	�!!���C�6��
��(

�8�!J(�
(���&�'	

 �E�!(�+��#&�(�
(���3���

���� ���
�!(�������	���������!��B����%
�' 6<��=��

	���'()�!
�����!����

���
�!�����8�!J ������C+&�(��&!�� 

��68'�)�!
�������

���� ���
�!��Z�%+�������63���&+��(��'�����)����
\
 %
�	��:&���(��<���& �

Fraunhofer Institute, +��#&� Motorola, %
�+��#&� Sanyo ����3�
���&W����08������C+&�%
�
3�
&!��(�

'�!)����8�!%��8�
�����'
��&�6& ��E�!������
&
)�!
�������

���� ���
�!��!������=��� ��������E�!�&!

60!(�
 63���&+!��'��&�%
��&W��
�������

���� ���
�!��!��������E�!�����
&
�����
�����!��)�!��

�

��� ���
�!���� Polymer Membrane Fuel Cell (PMFC) %
� Solid Oxide Fuel Cell (SOFC) �& ����6+

�'�(63���\�%
�'������C+&�%
����'8���(�
������& !���!�����!�����!��B��������
 2-3 ��)��!����

63���&+
��������	����)�!��

���� ���
�!��������!�����& � !��'��&�������C+&���(C8!���������
��

�����(�����
���������C�
���
��
! (�
�����
��B�
&+'8������!(�
���
���<������������

���� ���
�!

��
��)&+��
�����3��'�(�

'8� 250,000 �&���������3������������C�
���
��
�
!��6�(��<%)8!)&�
&+

�<�������������08������C+&�  68'�
�����!��)�!��

���� ���
�!���C�6��
��()����
\
 %
�!���
��
��%6

�??I��8'(
&+ Microturbine (Cogeneration) �& ���

���� ���
�!���� Phosphoric Acid Fuel Cell (PAFC)

(�
�����!�����!�����!��B����%
�'%�8��������C�
���
��
\�&!�!��Z�������
&
�E�!�&!60!��08 %
�(�
�����

�(��'8���

���� ���
�!���� Polymer Membrane Fuel Cell (PMFC), Molten Carbonate Fuel Cell

(MCFC) %
� Solid Oxide Fuel Cell (SOFC) )����
\
��<0
�3�(����%�����63���&+!������=��� ��

������&��

�

��68'�)�!!��'��&�
�������

���� ���
�!������
��
��%6�??I�63���&+!���C�6��
��()������8 

(1-20 MW) �& ��&!�!���!
��
��:E
#�'��&� %
��&W����08��������(����C
�����!��������
'8�����3������

����C+&� ((�

'8� 40,000 �&�'	(!) 	��(�
�����
��B�'8���

���� ���
�!������(63���&+
�����!������=�

�� �����!��B��������
 5-10 ��)��!����



���!���'�(
��'����Y+&+6(+0�B� 	��!
����
%++��++�
����	������E�!���'&�<C��+���6�(��<�������
�����:�����Z�6���& !��������8�!(����6��[�=�������������	��������

���� ���
�!%++��
����)�!%)\! (MRG4780166)

26

�''(  3

�	$��.�*@�������
A�)�	�����$�����(B������ �

3.1  �	$��.�*@�������
A�)�	�����$�����(B������ �

�CB6(+&�����63��&�63���&+�&'��8!�/�
�����)�!
��+'�
����?���((��!����'�(6�(��<��
���3�

�/�
����� %
��'�(��������8�
���
������+��+��� ���' ��
��
�& �%
�'�&'��8!�/�
�����������'�((��6<���

=��60!�(���<0
���!������CB�=0(�60! (High Thermal Stability) %
�(��'�(��������8�
���6���(6=�������!

��
6����������+�!���� (Poisoning) ��%!8�CB6(+&����!
��=��)�!�&'��8!�/�
������& ��&'��8!�/�
��������

���'�(��'�(�!���8�
���6���6� %
��(8�
��
���6���0���8�
���&
 ����%�
�(������!���E�!���3�(��E�!
��

��
����%�
!�������!)�!�CB6(+&��
��
��<8�����'�(���� %
�('
6�� (Heat and Mass Transfer

Behaviour) ��� ��
�����!�����!�& ��0���!)�!�&'��8!�/�
�����������
&!
��)E ��0�%
�'�'���(��� ������'�8�� 3�

��&
 �������(���60! %
��3�����
�� Pressure Drop =����������!�/�
�B��������6C� [18]

63���&+�&'��8!�/�
�������������
��+'�
����?���((��!������
����	������& � �+'8�[��C
�CG� VIII �&�

���
�+��'� Fe, Co, Ni, Rd, Ru, Pd, Os, Ir and Pt [19, 20, 21, 22] 6�(��<��Z��&'��8!�/�
�����)�!


��+'�
���&!

8�'��� ��8�!��
\��(���(����!��(�
(���
���')��!
&+
���6���(:&
�=�� (Deactivation)

)�!�&'��8!�/�
�������
8��� �(������!��=�����
��+'�
���&!

8�' �E�!������
&
����3�����&'��8!�/�
������
��


���6���(:&
�=�����
���
������+��+���'B��')�!�&'��8!�/�
����� (Carbon Formation) �8��
��+'�
��

Boudouard Reaction ����
��+'�
�� Thermal Cracking 
�����6����������+�!������8� Sulphur �3�

�/�
�����
&+�&'��8!�/�
����� (Catalyst Poisoning) ��Z����

63���&+
��+'�
���
���	����������������	��������

���� ���
�!�& �	���&�'��
��+'�
���
��

��	��������
�����������!��?���(�(��� (Reformer) �E�!(&
���
������+��+���'B��')�!�&'��8!�/�
�����%
��3�

����&'��8!�/�
������6���(:&
�=���6(�J 	���Y�����8�!���!+���'B��!�)�� ����+���'B��
��!�)��)�!

������!��?���(�(��������!��
(����(�B��	�����+���'B�& ��8��)��!��3� %
����!<��6���& !�����������
���
��

��	�������Z�6�����
�+��	������+�����8J (High Hydrocarbon) %
�'	�
�6������
��
��?���(�&')�!

����+��+���'B�� ���')�!�&'��8!�/�
�����
\�����!(�
)E �

	���&�'��%
�'������I�!
&�������&!

8�'��
��+'�
���
����	����������!(�
��+'�
����?���(

(��!+�!68'�
8��������)��������!��?���(�(����
&
 (Pre-Reforming unit) ����������
����6�����
�+

��	������+�����8J (High Hydrocarbon) �& !�(����

8�'��Z�(����
8�������<0
�I���)��������!��?���(

�(����
&
 �E�!68'� Pre-reformer �&!

8�'�����!�3�!������CB�=0(��8��)��!��3����(�B 250-500�C [18]
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������(8����
�������
��?���(�&')�!����+����� ��
��
�& �
�����(��	�����+�!68'��)������������!

��?���(�(���
\�8'�
�������&!

8�'�����8�
&�

��
��
�����
���
������+�������')�!�&'��8!�/�
�����%
�' 
��������)�!6����	����� �&
�?��

(H2S) %
�6�� Alkali ��6���& !���
\�3�����&'��8!�/�
������6���(6=�������8�!�'���\'��8�
&� �&!�& ���
�����

!�����!�& �(�
��
3�����'�'8����(�B��	����� �&
�?�����!(��8���3�
'8� 0.2-wt ppm [18] �E�!	���&�'��%
�'

���!(���++
3��&���	����� �&
�?��
8��������
8��
G���)��608��++��?���(�(��� (Desulpherization) ��
��

���!�����! ��68'�)�!6�� Alkali ������)��(��& ���(��

���+�8�
���
���/�
�������?���(��!	��6����
8��� 

���&+�&'+���'B�� ���')�!�&'��8!�/�
����� �3�����/�
���������
��)E �
�
! [23] �&!���%6�!������!�8����� 

�����'(  3.1 Steam reforming of methane activity of alkali-promoted metal catalysts. Rates

referred to unit metal surface area (turnover frequency 1.000 = 0.70 molecules/s), (H2O/CH4 =

4.0, H2O/H2 = 10)

        Catalyst                             Relative rate (500�C)           Activation Energy (kcal/mole)

Ni (9.1) 1.0 26

Ni (7.1), Li (1.6) 0.6 24

Ni (8.3), Na (1.3) 0.3 21

Ni (8.5), K (1.0) 0.2 25

Ru (0.4) 5.0 23

Ru (0.5), Li (1.1) 2.0 17

Ru (0.3), Na(1.3) 2.0 25

Ru (0.4), K (1.3) 0.3 24

Rh (0.5) 17 29

Rh (0.4), Li(0.2) 16 24

Rh (0.4), Na(1.3) 8.0 23

Rh (0.4), K(1.0) 0.5 34

Pt (0.5) 1.8

Pt (0.3), Na (1.4) 0.2

�&!������

8�'(���)��!��� [��C
�CG� VIII �&����
�+��'� Fe, Co, Ni, Rd, Ru, Pd, Os, Ir and Pt

[19, 20, 21, 22] 6�(��<��Z��&'��8!�/�
�����)�!
��+'�
����?���((��!��� 	����

��:E
#��������& �

Rh %
� Rd (��'�(������8�
���
������+��+���'B�� ���'60!
'8�[��C�&'����J %�8����)�!6����
8��& 
\

�8��)��!%�!��8�
&������!��
��Z�6���3��'
 Noble Metal Materials ����������8��(�(�
��:E
#�
��+'�


����?��(��!)�!6���3��'
�� ��08+��! Rostrup-Nielsen and Hansen [20] ��+C'8� Rh %
� Rd (��'�(��



���!���'�(
��'����Y+&+6(+0�B� 	��!
����
%++��++�
����	������E�!���'&�<C��+���6�(��<�������
�����:�����Z�6���& !��������8�!(����6��[�=�������������	��������

���� ���
�!%++��
����)�!%)\! (MRG4780166)

28

����8�
���
������+��+���'B�� ���'60!
'8�[��C�&'����J �&!%6�!���0���� 3.1 ��
�0��&!

8�'�+'8�6�����(�

	�
�6�
������+��+���'B�� ���'60!���6C�������
�
 �E�!���
��
��?���(�&')�!����+��+���'B�� ���'���

�CB�=0(� 500 �!:���
����6

��*'(  3.1 Carbon formation rate over several metal catalysts at 500, and 650ºC

����������8��(�(�
��:E
#��

���+)�!�&' Support �8�
��+'�
����?���((��!�8��)��!����

Green and co-workers [24, 25] :E
#�
��+'�
���G�
������+�!68'� (partial oxidation) ������
��

��	�����+��&'��8!�/�
����� Ni, Ru, Rh, Pd, Ir, and Pt 	����

��:E
#������+C'8�
������&' supported

�3��'
�
0(��� (alumina) �3�����/�
������� �
�����������CB�=0(� 800 �!:���
����6 Erdohelyi et al. [26,

27] ��+C'8�����)�!�&' Support �(8(��

&+
���
���/�
�������?���((��!(������'�����+������
���� (Dry

Reforming) +��&'��8!�/�
����� Rh ����!

&+
&� Nakamura et al. [28] and Zhang et al. [29] ��+C'8�

����)�!�&' Support (��

&+
���
���/�
�������?���((��!(������'�����+������
���� (Dry Reforming)

��8�!(�
 	�����(�
��:E
#�����)�!�&' Support 2 

C8(�8�
���
���/�
�������?���((��!(������'�

����+������
���� (Dry Reforming)+��&'��8!�/�
����� Rh [29] 	���&' Support �& ! 2 

C8(���
�+��'�

�&' Support %++ reducible (CeO2, Nb2O5, Ta2O5, TiO2, and ZrO2), %
��&' Support %++ irreducible

(Al2O3, La2O3, MgO, SiO2, and Y2O3) �E�!�
)�!
����
�!�&!%6�!���0���� 3.2 ��+�����&' Support

%++ irreducible metal oxide �& � Al2O3, La2O3 %
� MgO ��Z��&' Support ����3�����/�
�������?���((��!

(������'�����+������
�����
����8�!(��6<���=��(�
���6C� %
��/�
������&!

8�'+��&'��8!�/�
����� Rh

+��&' Support Al2O3 %
� MgO ��(��8�60!
'8��&'��8!�/�
����� Rh +��&' Support La2O3 (�
. 68'�
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�6<���=��)�!�/�
�����63���&+ Rh +��&' Support SiO2 %
� Y2O3 (��8���3�
'8� Al2O3, La2O3 %
� MgO

(�
. ��68'�)�!�&'��8!�/�
����� Rh +��&' Support %++ Reducible �& ���(�:&
�=���8�
��+'�
��

��?���((��!��3�
'8�
����� Support %++ Irreducible

��*'(  3.2 Carbon dioxide reforming activity over Rh catalyst with several supports [29]
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�''(  4

3	-�������'����

4.1.   ������(������'( !"#!����'����

��++
����
�!�&!�0���� 4.1 ���<0
6���!)E �������3�
��:E
#�
��+'�
����?���((��!(������'�� 3�

%
�
��+'�
������J ����
���')��! ��++�&!

8�'<0
��
%++���6�(��<���!�������
��:E
#�����& !��

6=�'���++�!��� (Steady State Study) %
���6=�'������++��
����%�
!��(�'
� (Transient Study)

��
�0��&!

8�' �8��������& !�(��3���'� Stainless Steel )��� 1/8 ���� 1/16 �� ' %
����
�+�8�
&���'�

non-return valves, three-way valves, elbows, reductions, expansions %
� on-off valves ��
+��#&�

Swagelok

��*'(  4.1 ��++��������
����
�!
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��++�&!

8�'���
�+��'� 3 68'����8J ���68'� Feed 6������
G��������!
��:E
#��)��608��++

68'�����
���/�
����� %
�68'�
��'���������
����
���/�
����� ��68'�%�
�& �
G��%�8
���������
���')��!
&+
��

��
�!�E�!���
�+��'�
G��(���� ��	����� ���
��( ����+������
���� %
���
�������<0
68!�)��608��++

	��(� Mass Flow Controllers ��Z��&'�'+�C(
����
)�!
G��%�8
����� �E�!
8��
����
�!�C
��& !���!�3�


�� Calibrate ������! Mass Flow Controller ��
8��� ������I�!
��'�(����
�����������
��)E ���8�
���&�'

)�!��++ ����
���
�� Pressure Drop ��Z����

��
��

����� Mass Flow Controller �I��
G���8�!J �)��608��++%
�' ��++�� (��C�
�B�������3�


���I��� 3� ������� 3��)��608��++��8�
&�������3�
��:E
#�
��+'�
����?���((��!��'�� 3� 	���C�
�B��&!



8�'(� 2 ����%
�'%�8
&
#B�)�!!������3�
����
�! ���
�+��'�������! Saturator/Condenser %
�

������! Evaporator )����)�!������! Evaporator ���6�(��<�I����� 3��)��608��++��������(�B����!���%
�%�8

���
'8�������! Saturator/Condenser %�8)���6��)�!������!�&!

8�'���6�(��<�3�
���I��� 3��������! 6-7

�&�'	(!��8��& � (�
&!��
�& ����!�3�
�����(� 3���
��& !) �&!�& ���
����
�!������!��������'
���� ������!

Saturator/Condenser ��<0
���%����� �0���� 4.2 %
� 4.3 %6�!������!(���& ! 2 �����&!

8�'

��*'(  4.2 Saturator/condenser system
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��*'(  4.3 Evaporator system

��*'(  4.4 Catalytic Reactor

(a) (b)
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��68'���� 2 )�!��++ ����68'�����
���$�
�����)E ��& ������
�+��'�������!�/�
�B� (Catalytic

Reactor) �E�!��08=���������� (Furnace) �0���� 4.4 %6�!��++�&!

8�' �E�!������!�/�
�B��������3���


Quartz (�)�����' 30 ������(�� �E�!���C�
����
��
��� Quartz %���������� Stainless Steel ������I�!
&�


���
������+��+���'B��'������)�!�8� �����!��
�CB�=0(�������60!<E! 800 �!:���
����6

��68'�6C���������68'�'���������
�& ������������!(�� 2 ����:E
#��
)�!�/�
�������� Gas

Chromatography %
� Mass Spectometer 	��������! Gas Chromatography �����'���������
��!��

���6=�'�)�!��++�!��� (Steady State Condition) 68'� Mass Spectrometer �����'���������
��!�����

6=�'�)�!��++(�
����
����%�
!�
���'
� (Transient Condition) %
�������! Mass Spectrometer

�&!<0
���������3�
��:E
#����(�B)�!����+������
��)E �+���'B��')�!�&'��8!�/�
�������8�
&�	�����
��+'�


�� Temperature Program Oxidation (TPO)

������! Gas Chromatography ��������Z�������! Shimadzu 14B (���
&(������ Porapak Q ��08=��

�� %
�(� Detector 2 ������� Thermal Conductivity Detector (TCD) %
� Frame Ionized Detector

(FID) 
���3��'B���(�B)�!
G�����8�����)��608 Gas Chromatography ������'�(6&(�&�[����'8�!�� �������


��?
&+���(�B
G������)��(� 	����:&� Internal Standardization Method ��
���3��'B�'�(6&(�&�[�

�E�!����08���0�)�!�8� Response Factor (RF) �&!%6�!��6(
������
8�!

� �
areapeak

atmionconcentratRF �

��

����
�!�8� Response Factor )�!
G��%�8
�����(��&!�� 

Gas RF RF relative to O2 Retention time (min)

H2 0.45 1.40 0.50

O2 0.32 1.0 1.01

CO 0.26 0.81 1.03

CH4 0.12 0.37 1.43

CO2 0.29 0.90 2.44

H2O 0.21 0.65 6.51

��68'�)�!������! Mass Spectrometer �������& ���Z�������! QMS )�!+��#&� ESS 
���3��'B��

���(�B
G��%�8
��������8�����:&��'�(6&(�&�[����'8�!���(�B
G��
&+�'�(60!)�!6&���B�������&+ 

	������
&

�� External Standardization
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��
��
�& �%
�' ��������6�(��<�3�����
����
�!�����8�!(����6��[�=�� 
���3�����
����)& ��8�

(����
����&+��C! %
��8����(��++��������
����
�!	������(������!�/�
�B� (Catalytic Reactor) ��Z� 2

������!��
���(���(�����!������!����' �0���� 5 ����
8�!%6�!��++���<0
��
%++ %
�6���!)E �(� 	����++�&!



8�'��<0
�8��)��
&+������! Gas Chromatography / Mass Spectrometer (GC-MS) ��������6�(��<�3�


��'������������& !%++ Steady State Condition %
� Transient Condition ��68'�)�!
��'&����(�B

����+��+���')�!�&'��8!�/�
������& �6�(��<�3�����
�����	�����������! TGA-MS �&!%6�!���0���� 6

��*'(  4.5 ��++�����&+��C!)E �����������
����
�!



���!���'�(
��'����Y+&+6(+0�B� 	��!
����
%++��++�
����	������E�!���'&�<C��+���6�(��<�������
�����:�����Z�6���& !��������8�!(����6��[�=�������������	��������

���� ���
�!%++��
����)�!%)\! (MRG4780166)

35

��*'(  4.6 ��++�����&+��C!)E �����������
����
�!

EvaporatorPre-reformerReformer

Temperature
Controller

GC-MS TGA
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4.2  ����$����!����'����

�&!������

8�'(���)��!��� 
����
�!6�(��<%+8!��Z� 2 68'����8���
����
�!��� Steady State

Condition %
�
����
�!��� Transient Condition


����
�!��6=�'� Steady State Condition ��(�)& �����& !6� � 5 )& ����
�+��'�
���68�&'��8!

�/�
������)������������!�/�
�B� 
����&+6=��)�!�&'��8!�/�
������������(
8��
����
�! (Pre-

Treatment) 
��68!�8��
G���& !�
���)�608��++ 
����
�����'�(�)�()��)�!
G��%�8
�����������3�
��

:E
#� %
�
��'���������
�������&+ ��)& ����%�
���
���68�&'��8!�/�
������)��608��++�& ����!(�
���3�
��

��
�!
8��
����
�!���! (Preliminary Experiment) �������6=�'�)�!�&'��8!�/�
����� %
���++���

��(��6(%
8
��:E
#����6C��&������(8����
��6=�'� Mass and Heat Transfer Limitation 	��6=�'��&!



8�'���
�+��'�)���)�!�&'��8!�/�
����� �&���
����
)�!
G���)��608������!�/�
�B���Z���� �E�!�

��

��
�!�&!

8�'�����
/��08��+�<&���

��68'���� 2 ����
����&+6=��)�!�&'��8!�/�
�����
8��
����
�!�& � �&'��8!�/�
�����%++ Metallic

�����!<0
 Reduced ��'���	�����
8���3�
����
�!���! �& !�� �����
3��&�6=�'� Oxidized State )�!�&'

��8!�/�
���������(��� �����!��
 Oxidized Metallic Material ���(8��Z��&'��8!�/�
������8�
��+'�
��

��?���((��!����� ��
�� Reduce �&'��8!�/�
������& � �&'��8!�/�
�����%�8
����������6=�'�
�� Reduce ����(8

��(���
&��E�!�3���Z����!�3�
����
�!�������6=�'������(��6(���6C���8�
&� ��68'�<&�(����
���I��
G�����

6����)��608��++�& � 63���&+
��+'�
����?���((��!(������'�� 3��& � 
G��63��&�����3���Z����!�68�)����608��++

(� 3 ������� (���� ��� 3� %
���	����������(�B�
\
���� 6����C������!(�
���68��	������)���������(�B

�
\
���������!��
���(�
�����!����

��:E
#�
��+'�
���� ����������8��(�'8�
���I����	�������

���(�B�
\
�����)��608��++6�(��<����(�&���
���
���/�
�������?���((��!�����8�!�� %
���
 Chemical

Mechanism )�!
��+'�
���&!

8�'�&!%6�!����
8�!���+'8�(�������(86�(��<<0
��?���(�������
����

����	���������
� ������
�����������(�
��
�(8(�
���68��	���������(����)��608��++�����!��

��

Adsorption )�!� 3����/�
�������� 2 �
����\'
8��
�� Adsorption )�!(�������/�
�������� 1 (�


CH4    +       n*  � CHx-*n    + (4-x)/2H2 (1)

H2O    +       *           � O-*     + H2 (2)

CHx-*n  +    O-*  � CO     + x/2H2 +   (n+1)* (3)

H2    +       2* � 2H-* (4)
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!����'�����12 �)�+��E��
%(��0�1 (Stability) ���+	��0�1 (Activity) 3���	$��.�

*@��������	-��$���3#�3#�3���(�'��3#�
�.�����2� 4% �$���3#�3#�3�����-A��3#�
�.�����2� 10%

����$���3#�3#�3���J����������'( !"#�2� 1%  
.$��&
)0���'( !"#!����+��E��2� 800 ��+�

�����(�
 ��2 ������*,��&
)0���'( �)���
�
A�)�	����!"#���3��������"2-��1�������&
)0���
��

'	-� MCFC ��� SOFC �� ����+��E�����$�����(B������ �'( �&
)0����	���.�$
����%!"#*����"��

!����+��E��(-�12 �*���&���!"#������ Internal Reforming ��#�.��3�-�

63���&+
����
�!��6=�'� Transient Condition ��(�)& �����& !6� � 5 )& ���8�
&����
�+��'�


���68�&'��8!�/�
������)������������!�/�
�B� 
����&+6=��)�!�&'��8!�/�
������������(
8��
����
�!

(Pre-Treatment) 
��68!�8��
G���& !�
���)�608��++ 
������(�CB�=0(���(������	��%
�(�'� (Temperature

Program) �E�!�������!�� Temperature Program Reduction (TPR), Temperature Program Reaction

(TPRx), Temperature Program Hydrogenation (TPH), Temperature Program Oxidation

(TPO) �����:E
#�
���
������+�������')�!�&'��8!�/�
����� %
�
��'���������
�������&+ ��!��

Temperature Program (TP) �& �%�8
����=���(�
�����
G���8�!����
&�	������� 5% ��	�������!��

TPR %
� TPH ��� 5% (������!��  TPRx %
���� 10% �\�
�������!�� TPO 	����6&�!����CB�=0(�)�!

��++60!)E ���
����CB�=0(����!)E ������ 900 �!:���
����6	������&���
������()�!�CB�=0(� 10 �!:�

��
����6�8�����

4.3  ����A��$
��'( ��#������'����

�(�������

����
�!��
 Gas Chromatography %
�'
�����8� Methane Conversion (XCH4) ��

6�(��<�3��'B�����
�'�(6&(�&�[�)�!�� �������
��?�� Chromatogram (Ax) 
&+�8� Response Factor

(RF) )�!%�8
� Component 	�����6(
���&!%6�!����
8�!

� � � �
� � � � � �

2244

22

4 ***
**

COCOCOCOCHCH

COCOCOCO
CH ARFARFARF

ARFARF
X

��

�
�

	��6(
���&!

8�'6�(��<������+�6((C��;���������+��)�!(�����& !�(���
��������Z�����+��

(����
���� %
�����+������
���� 68'��8� Rate )�!
���
���/�
�����������
)�!�8� Methane

Conversion ����3��'B�����
���� �&!%6�!��6(
������
8�!

Cat

CHCH

W
XF

Rate 44
*

�
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4.4  ������(���	$��.�*@�������'( !"#!����'����

�&'��8!�/�
���������
��
�����
�����
!�� ���
�+��'�6�� Metallic Material ��� Rh, Pd, Pt %
�

Ni 68'��&' Support �E�!��Z� Oxide Material ���
�+��'� Al2O3, MgO, ZrO2, CeO2, CeO2-ZrO2 %
�

TiO2 �E�!6�� Support ��
8��� �
�'�� CeO2 %
� CeO2-ZrO2 6�(��<���� �����&�'�� (Commercial Grade)

68'�6������(����������������( Metallic Catalyst �& ������6�� Metal Chloride (MtClx) 	�� Mt ��� Rh, Pd,

Pt %
� Ni �&����! �3�
��
�
����� 3����&���68'������(��6( %
��3�
�� Impregnate 6�� Metal ��
8��� 

+��&' Commercial Support �8�!J 	���3�(��6(
&�%
�����&���
��
'� 100 rpm ��Z��'
� 6 �&�'	(!

��
�& �����'�(�������������
��
���������8�!���J �3����+����CB�=0(� 110 �!:���
����6��Z��'
� 6 �&�'

	(! %
��3������ (Calcination) ����CB�=0(� 900 �!:���
����6

68'��&' Support CeO2 %
� CeO2-ZrO2 ��������
����
�!�& ����3�
�������()E �(���!	��

��:&�
��+'�
�� Co-Precipitation �E�!��
�������( CeO2 �& �6������(������������6�����
�+������

(Ce(NO3)3·6H2O (99.0%)) �(����6(6���� �)��
&+ Ammonium Hydroxide %
�'6�����
�+ Cerium

Hydroxide (Ce(OH)4) ���
��
����
(� �3�
��
'�����8�
&� 3 �&�'	(!���������/�
���������
��)E �

6(+0�B� ��
�& �
\
��!6���&!

8�'��
(� �3�
��
��!��'�� 3� %
�������
������I�!
&�
���
��

Agglomeration )�!%�8
�	(�

C
 �3����+����CB�=0(� 110 �!:���
����6��Z��'
� 6 �&�'	(! %
��3������

(Calcination) ����CB�=0(� 900 �!:���
����6�������
�����!���8���

63���&+
�������(�&' Support CeO2-ZrO2 �& ���(�
��+'�
���
���
&+
�������( CeO2 %�8
8��


���6( Ammonium Hydroxide �)�����& ����3�
���6(Ce(NO3)3·6H2O (99.0%) ��'� ZrOCl2·8H2O

(99.0%) ���&���68'������(��6(
8��

4.5  ���'�
���&

��	��'�����0�13���	$��.�*@������� (Physical Characterization)

�&'��8!�/�
������& !
8��%
��
&!
����
�!��<0
�3�����6�+�CB6(+&����!
��=�������:E
#�


����
����%�
!�&������!(���
�/�
����� 	��
����6�+�&!

8�'�����
�+��'�
����� Brunauer-

Emmett-Teller (BET) method ��������� ������'�8�� 3���&
)�!�&'��8!�/�
����� 
����� X-ray powder

diffraction (XRPD) �����:E
#��!�����
�+)�!�&'��8!�/�
������
&!
����
�! 
����� X-ray

photoelectron spectroscopy (XPS) �����:E
#�
����
�����?6)�!�&'��8!�/�
������
&!
����
�! %
�


����� electron microscopy (SEM, and EDX) �����:E
#�	��!6���!+���'B�� ���')�!�&'��8!�/�
�����
8��

%
��
&!
��+'�
����?���((��!
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�''(  5

������������������
���	-��#�'( �(����*������*,��(�'�

5.1 ���'������2-���#��12 �)�
0�$�'( �)���
�
A�)�	�����$�����(B������ �

�&!������

8�'(�%
�' �CB�=0(�
�����!��)�!��

���� ���
�!%++�CB�=0(�60!��08������(�B 700-900

�!:���
����6 �&!�& ���
��:E
#�
��+'�
����?���((��!�& ��CB�=0(�����3�
��:E
#�
\�'�����08���8'!�� 

��'� %
����������
��������

��:E
#��(8(��

���+)�! Mass %
� Heat Transfer Limitations �)��(�

�
���')��!��'� 
���
��
����&���
����
)�!
G�� )���)�!�&'��8!�/�
������E!��Z�6��!63��&����!�E�!���!(�
��

��
�!������
��
6=�'������(��6(���6C��&!%6�!�8����� 

��������&���
����
)�!
G���)��608������!�/�
�B������(��6(���6C� �&���
����
�'()�!
G��<0


��
�����8��& !%�8 20 <E! 200 ml/min 	���&'��8!�/�
�����=����������!�/�
�B���������� Ni/Al2O3 (�� 3���&
 50

mg %
����(���� 5% � 3� 10% ��	����� 1% �3�
����
�!����CB�=0(� 800 �!:���
����6 ��
�

��

��
�!��
�����8��&���
����
)�!
G��=�����&!%6�!���0���� 6.1 �+'8�����&���
����
��3�
'8� 80 ml/min

�& ��&���
���
���/�
�����(��8�%���&���(�&���
����
�E�!�����!(���

���
�� Mass Transfer ���'8�!


G��	����+ (Bulk Gas) 
&+
G��+���'B�� ���')�!�&'��8!�/�
�����)E � %�8<���&���
����
)�!
G��60!
'8�

80 ml/min %
�'�8��&���
���
���/�
��������(8��
����%�
!��(�&���
����
�E�!��Z��8'!����'������
��

��
�! �&!�& ���
����
�!�C
��& ! �&���
����
)�!
G���'(��<0

3��������!������ 100 ml/min

��*'(  5.1 �'�(6&(�&�[����'8�!�&���
���
���/�
�������?���((��!
&+�&���
����
	���'()�!
G���8��

��+++��&'��8!�/�
����� Ni/Al2O3 ����CB�=0(� 800 �!:���
����6
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��
��
�
)�!�&���
����
	���'(%
�' )���)�!�&'��8!�/�
�����
\(��
�8�
��+'�
����8�
&�

�������)���)�!�&'��8!�/�
����������(��6(���6C� 
��+'�
����?���((��!	�����)���)�!�&'��8!�/�
��������

%�
�8�!
&����'8�! 100 <E! 500 μm �E!<0
�3�����
��=����6=�'�
����
�!����'
&+
��:E
#��
)�!

�&���
����
 �E�!��

����
�!�+'8��(���)���)�!�&'��8!�/�
�������08���'8�! 100-200 μm �8��&���
��

�
���$�
������8��)��!���!��� �&!�& �)���)�!�&'��8!�/�
��������8'!�&!

8�'�E!<0
�����
����
�!

�(������6=�'��&!

8�'��
����
�!%
�' �&���
���
���/�
���������������

����
�!�8�����Z�

�&���
���
���/�
��������! (Intrinsic Rate) �E�!
����
����%�
!�8�!J ����
��)E ��8�����Z��
(���
����)�!

�&'��8!�/�
�������8��& �

5.2 ���+��E�+	��0�13���	$��.�*@��������.�����$�����(B������ ��(�'��#$��-A�

����������(����&'��8!�/�
���������8�6�����8� Ni/Al2O3 ���� Ni/Ce-ZrO2 <0
�
��
�����:E
#��CB

6(+&���8�
��+'�
����?���((��!��8�!
������ 	��
���3�����
����
�!�����
�+��'�
��:E
#��CB

6(+&���8�
��+'�
����?���((��!��8�!
��������8�
�����
)�!
�����(� 3� ����
�����(��	�����(�
)E �

��6���I���8��&���
���
���/�
������&!

8�' �'(<E!
��:E
#���������8� Chemical Mechanism )�!�&'

��8!�/�
������&!

8�'�����������	�����8��� �
&!��
�& ��&'��8!�/�
�����������(8��8� CeO2 
\��<0
:E
#���

���&+
E
��8�
&� <E!%(�6���&!

8�'��(��&���
���
���/�
�������?���((��!��3��(�������+
&+ Metallic Catalyst

%�86���&!

8�'(����	������%!8���(��'�(��������8�
���
������+�������'60!(�
 �E�!<���3�
��:E
#�%
�

�
��
���6���&!

8�'��8�!<0
'�[���(����	�����8�
��+'�
���
����	�����(�


5.2.1 ��3���(�'��.�����$�����(B������ �

��
����
�!�� �'�(�)�()��)�!
G��(������6���I����<0
��
�����8�	���'+�C(�'�(�)�()��)�!

6����������J ����!��� �E�!�
�������&!%6�!���0���� 5.1 	���&���
���
���/�
�����)�!�&'��8!�/�
������& ! 2 ����

(��8�����()E ���(�'�(�)�()��)�!(���� �E�!��

���3��'B�+'8��8� Reaction Order )�!(����63���&+�&'

��8!�/�
������& ! 2 ����(��8���8�
&+ 1 �6(� 
���3��'��� Reaction Order 6�(��<�3������
6(
������


8�!�� 

m
CH

m
CH

n
X

m
CH

n
X

PkRate

PPkRate

PPkRate

4

4

4

*

*)'(

'

�

�

�

)(ln)ln()ln(
4CHPmkRate ��
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)1()ln()ln(
TR

EAK

AeK RT
E

	�

�
	

��*'(  5.1 �
)�!(�����8��&���
���
����	�����63���&+ Ni/Ce-ZrO2 ����CB�=0(��8�!J

5.2.2 ��3���-A��.�����$�����(B������ �


����
�!�� ���
����
E!
&+
��:E
#��
)�!(�����8�
��+'�
����?���((��! %�8����
�����8�

�'�(�)�()��)�!��� 3��)��608��++��������J 	���'+�C(����'�(�)�()��)�!(����(��8��!��� �
)�!
��

��
�����'�(�)�()��)�!� 3��&!%6�!���0���� 5.2 �E�!�&���
���
���/�
�������(��8�����()E ��(����'�(�)�()��

)�!��� 3�(��8�����()E ����8'!%�
J %�8��
�& ��&���
���
���/�
�������
�
!�(�������(���(�B)�!��� 3��)��608

��++��������J
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��*'(  5.2 �
)�!���(�B� 3��8��&���
���
����	�����63���&+ Ni/Ce-ZrO2 ����CB�=0(��8�!J

6����C�&!

8�'6�(��<�[�+�������

��+'�
���
���/�
�������?���((��!)�!(������'�� 3��&!%6�!

����
8�!

CH4    +       n*  � CHx-*n    + (4-x)/2H2 (5.1)

H2O    +       *           � O-*     + H2 (5.2)

CHx-*n  +    O-* � CO     + x/2H2 +   (n+1)* (5.3)

H2    +       2*  � 2H-* (5.4)


���������(�'�(�)�()��)�!� 3����8'!%�
 � 3���<0
�0��E(+���')�!�&'��8!�/�
����� (*) �����?���( O-

* %
��3��/�
�����
&+(�������<0
�0��E(+���')�!�&'��8!�/�
����� (CHX-*n) ��6(
����� 5.3 %�8�(���(����(�B

� 3�(�
�
����
���0��E(� 3�+���')�!�&'��8!�/�
�������)&�)'�!
���0��E((����+��&'��8!�/�
�������6(
��

��� 5.1 %
��3�����&���
���
���/�
�����
�
!

5.2.3 ��3�����������.�����$�����(B������ �

��
����
�!��  ��(�
�����(
G����	�������'��'�(�)�()���8�!J �)������6���I�� %
��'+�C(

�'�(�)�()��)�!6����������J ����!��� �E�!�
�������&!%6�!���0���� 5.3 	���&���
���
���/�
�����)�!�&'��8!

�/�
������& ! 2 ������(��8��)���

� 0 (�
�(����(8(�
�����(��	������)��6086���I���
� %
��&���
���
��

�/�
�������(��8�����()E �������J �(����'�(�)�()��)�!��	�����(��8�����()E � 
�������	�����6�(��<����(�&���
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Components
of interest

Temperature
(ºC)

Other inlet
compositions

          Reaction order for components of interest

           Ni/Ce-ZrO2 (Ce/Zr=3/1)           Ni/Al2O3

    Methane 650-800         9kPa H2O / 0 kPa H2 1.0 
 0.04            1.0 
 0.01

    (1-4 kPa) 12kPa H2O / 0 kPa H2 1.0 
 0.05            1.0 
 0.01

      15kPa H2O / 0 kPa H2 1.0 
 0.02            1.0 
 0.02

      9kPa H2O / 1 kPa H2 1.0 
 0.02            1.0 
 0.01

9kPa H2O / 3 kPa H2 1.0 
 0.01            1.0 
 0.03

9kPa H2O / 5 kPa H2 1.0 
 0.03            1.0 
 0.01

   Hydrogen 650         9kPa H2O / 3 kPa CH4 0.18             0.31

   (1-4 kPa) 700         9kPa H2O / 3 kPa CH4 0.20             0.28

750         9kPa H2O / 3 kPa CH4 0.18             0.34

800         9kPa H2O / 3 kPa CH4 0.19             0.33

700 9kPa H2O / 1 kPa CH4 0.18             0.29

700 9kPa H2O / 5 kPa CH4 0.20             0.32

700               12kPa H2O / 3 kPa CH4 0.25             0.39

700 15kPa H2O / 3 kPa CH4 0.28             0.42

   Hydrogen 650         9kPa H2O / 3 kPa CH4 - 0.31             - 0.15

   (12-18 kPa) 700         9kPa H2O / 3 kPa CH4 - 0.30             - 0.16

800         9kPa H2O / 3 kPa CH4 - 0.34             - 0.15

   Steam         650         0kPa H2 / 3 kPa CH4 - 0.39             - 0.37

   (5-15 kPa)  700         0kPa H2 / 3 kPa CH4 - 0.40             - 0.39

750         0kPa H2 / 3 kPa CH4 - 0.38             - 0.41

800 0kPa H2 / 3 kPa CH4 - 0.42             - 0.40

700 1kPa H2 / 3 kPa CH4 - 0.31             - 0.31

700      2kPa H2 / 3 kPa CH4 - 0.25             - 0.24

700              3kPa H2 / 3 kPa CH4 - 0.22             - 0.19

Table 5.1
Reaction orders for the components of interest (CH4, H2O, and H2) from methane steam
reforming over Ni/Ce-ZrO2 (Ce/Zr = 3/1) and Ni/Al2O3 at different operating conditions
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Components
of interest

Temperature
(ºC)

            Other inlet compositions (atm)

      CH4           CO2            H2           CO

Reaction order for
components of interest

 CH4     900-1000                              0.05            0               0            0.52 
 0.02

(0.01-0.04 atm)         900                    0.10            0               0    0.50

        900                    0.15            0               0    0.51

     900-950                 0.05          0.02            0             0.54 
 0.01

     900-950       0.05            0             0.02             0.53 
 0.02

 CO2     900-1000            0.04                0               0              0.10 
 0.02

 (0.01-0.09 atm)         900                 0.02                              0               0     0.10

        900                 0.07                              0               0     0.08

     900-925             0.04              0.02            0 0.10 
 0.02

     900-950             0.04                0             0.02 0.11 
 0.01

 H2    900-1000             0.04          0.05                    0          –0.31 
 0.03

 (0.02-0.06 atm)         900                 0.04          0.10                              0    -0.28

        900                 0.02          0.05                              0    -0.34

        900                 0.04          0.05                            0.02    -0.30

CO    900-1000            0.04          0.05              0                          -0.11 
 0.01

 (0.02-0.06 atm)         900                0.04          0.10              0                  -0.12

        900                0.02          0.05              0                  -0.15

900 0 04 0 05 0 02 -0 10

Table 5.2 Reaction orders for the components of interest (CH4, CO2, CO, and H2) from
the dry reforming over CeO2 (HSA) at different operating conditions
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�� %
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H2 ��(����(�B
�
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G�� H2 %
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6.2 ���+��E�)�*����
������� Carbon formation �������$���� Temperature Program

Oxidation (TPO)

�
&!��

��+'�
��Temperature Program Methane Absorption (TPMA) �6�\�6� �%
�'�3�
��
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8
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%
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���I��
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��8�)�!���(�B
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��*'(  6.3 Temperature Program Methane Absorption (TPMA) )�! Ni/ZrO2

6.3 ���+��E���3���&
)0���'( �(�.�������� Carbon formation
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�& ��I���Y���
G�����
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�����(�CB�=0(���<E!900 ��C %
��3�
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����
�!	��
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�+ Ni/Ce-ZrO2 ��
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�� Temperature Program Methane Absorption (TPMA) ����CB�=0(��8�! J

6.4 ���+��E�������� Carbon formation ��2 �!"#�"2-��1���*F��"����.�� ^ �	�

     �3�
����
�!��(
��+'�
�����&')�� 6.1 %
� 6.2 ������3�
�������(�B
���
������+��?���(�(

�&� 	���3�
����
������� ���
�!�����8�! J 
&� ���%
8 
G����	�����, 
G����	������6(
G��

����+��(���
����, (�����6(��� 3� �(����
�6(��� 3� %
�������
�6(��� 3� ��
���6(� 3����6(

� 3����&���68'� 3:1 
���
������+��?���(�(�&�+� Ni ��%6�!����&!�0� 6.5 	���(����3�
���I��
G��

����+��(���
�����6(
&+
G����	����� %
�
G��(�����6(��� 3� ���
������+��?���(�(�&����&���

68'��(860!�(�������+
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���I����'�
G����	�����+��6C�[��  68'�
���I����'�
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�6(��

� 3� %
�������
�6(��� 3� ���
������+��?���(�(�&����&���68'����60! %
��
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���I����Z��'
�60

����
���
������+��?���(�(�&�)�!�C
������� ���
�!�I��������(�!��� �8����(�B����+��?���(�(�&���
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�!��(��8���(����!��� 6.1
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��*'(  6.5 ���(�B
���
������+����

���I����� ���
�!�����8�!J (H2(�), CO+H2(�), CH4 +H2O

(�), CH4(�), CH3OH+H2O(�), %
�C2H5OH+H2O(�))����CB�=0(� 900°C

�����'(  6.1 %6�!���(�B)�!����+��?���(�(�&�����CB�=0(�900 ��C 63���&+
���I����� ���
�!�����8�! J

�(����3�
����
�!	��
����
�����CB�=0(���
 900 ��C ��Z� 925, 950, 975 %
� 1000 ��C��(
3��&+

�
��

����
�!%6�!�&!�0���� 6.6 
���I��
G������+��(���
�����6(
&+
G����	����� %
�
G��(����

�6(��� 3� ���
������+��?���(�(�&����&���68'��(860!�(�������+
&+
���I����'�
G����	�����+��6C�[��

�
���8'!�CB�=0(� 900 ��C<E! 1000 ��C  68'�
���I����'�
G��(����, �(����
�6(��� 3� %
�������


�6(��� 3� ���
������+��?���(�(�&����&���68'����60!(�
�(����CB�=0(�����(60!)E �

������� ���
�!�I�� ���(�B)�!����+��?���(

�(�&���� 900ºC (mmol/g)

H2 0.0

CO + H2 0.17

CH4 + H2O 0.55

CH4 2.31

CH3OH + H2O 3.08

C2H5OH + H2O 4.27
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��*'(  6.6 ���(�B
���
������+��?���(�(�&�)�!��� ���
�!�I�������8�!J (H2(�), CO+H2(�), CH4

+H2O(�), CH4(�), CH3OH+H2O(�), %
�C2H5OH+H2O(�))����CB�=0(� 900,925, 950, 975 %
�

1000 ��C

6.5 ��3���	���
.$��-A��.��"2-��1��������������� (CH4 , CH3OH ��� C2H5OH ) '( �(���.����

���� Carbon formation

�(����3�
����
�����&���68'�)�!��� 3��8���� ���
�!��	������+�� (CH4, CH3OH %
� C2H5OH)

��
�&���68'� 3:1 ��Z� 4:1 %
� 5:1 ��(
3��&+ ���(�B)�! Carbon formation �������&!%6�!������!���

6.2

�����'(  6.2 %6�!���(�B)�! Carbon formation 	������&���68'�)�!��� 3��8���� ���
�!�8�!
&�

���(�B)�! Carbon formation ��� 900ºC (mmol/g)������� ���
�!�I��

��� 3�/��� ���
�! = 3:1 ��� 3�/��� ���
�! = 4:1 ��� 3�/��� ���
�! = 5:1

CH4 +H2O 0.55 0.42 0.27

CH3OH +H2O 3.08 2.86 2.54

C2H5OH +H2O 4.27 4.20 4.09

��
����!��� 6.2 ���+'8��(�������(�&���68'�)�!��� 3��8���� ���
�!(���� �8�)�!����+��?���(�(

�&���
�
!���&���68'����60! %�863���&+��� ���
�!�(����
%
�������
�8�)�!����+��?���(�(�&�
�
!

�����(�B�(8(�
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�''(  7

����$�����(B������ ���'�����#$��-A� (Ethanol Steam Reforming)


��+'�
����?���((��!������
��'�� 3���(��/�
���������
���')��!��08 4 �/�
��������8�E�!%�8
�

�/�
��������
��)E ����6=�'��CB�=0(��8�!
&� 	������CB�=0(���3� (200-350 ºC) �/�
���������
��)E �����/�
�����


��6
���&')�!������
 (Ethanol dehydration) 

����Z�6�����
�+ Acetaldehyde (CH3CHO) 

��
�& �6�����
�+�&!

8�'���
��
��%�
�&'��Z�(���� (CH4) %
�����+��(����
���� (CO) �����8�
&�

�&!%6�!���/�
�������� 1 %
� 2

C2H5OH  �  CH3CHO + H2 (1)

CH3CHO �  CH4 + CO (2)

����CB�=0(�60!)E ���(��/�
�������
 2 �/�
������
��)E �����/�
�������?���((��!)�!(������'�� 3� 

(Methane steam reforming) %
��/�
����� Water-Gas shift reaction �&!%6�!���/�
�������� 3 %
� 4 

����
8�!

CH4 + H2O  �  CO + 3H2 (3)

CO + H2O   �  CO2 + H2 (4)

�CB6(+&�����63��&�63���&+�&'��8!�/�
�����)�!
��+'�
����?���((��!����'�(6�(��<��
���3�

�/�
����� %
��'�(��������8�
���
������+��+��� ���' ��
��
�& �%
�'�&'��8!�/�
�����������'�(��6<���

=��60!�(���<0
���!������CB�=0(�60! (High thermal stability) %
�(��'�(��������8�
���6���(6=�������!

��
6����������+�!���� (Poisoning) ��%!8�CB6(+&����!
��=��)�!�&'��8!�/�
������& ��&'��8!�/�
��������

���'�(��'�(�!���8�
���6���6� %
��(8�
��
���6���0���8�
���&
 ����%�
�(������!���E�!���3�(��E�!
��

��
����%�
!�������!)�!�CB6(+&��
��<8�����'�(���� %
�('
6����� ��
�����!�����!�& ��0���!)�!�&'

��8!�/�
�����������
&!
��)E ��0�%
�'�'���(��� ������'�8�� 3���&
 �������(���60! %
��3�����
��
��
�
!)�!

�'�(�&� (Pressure drop) =����������!�/�
�B��������6C� 63���&+�&'��8!�/�
�������������
��+'�
��

��?���((��!������
����	������& � �+'8�[��C���(08 VIII �&����
�+��'� Fe, Co, Ni, Rd, Ru, Pd, Os, Ir 

and Pt 6�(��<��Z��&'��8!�/�
�����)�!
��+'�
���&!

8�'��� ��8�!��
\��(���(����!��(�
(���
���'

)��!
&+
���6���(:&
�=�� (Deactivation) )�!�&'��8!�/�
�������
8��� �(������!��=�����
��+'�
���&!
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8�' �E�!������
&
����3�����&'��8!�/�
������
��
���6���(:&
�=�����
���
������+��+���'B��')�!�&'��8!

�/�
����� (Carbon formation) �8��
��+'�
�� Boudouard reaction ����
��+'�
�� 6
���&'��'�

�'�(���� (Thermal cracking) 
�����6����������+�!������8� 
3�(�<&� (Sulphur) �3��/�
�����
&+�&'��8!

�/�
����� (Catalyst poisoning) ��Z���� ������C+&��&'��8!�/�
��������
�
 (Ni) <0
�3�(����
&���8�!%��8�
��

�����!��
����&��������� %
����(�B (Availability) )�!6��������  �&!�& ���!��'��&��� �E!����&'��8!�/�
����� 

Ni/Al2O3 %
� �&'��8!�/�
��������� Ni/CeO2 ���6&!����������&���68'������(��6()E ���!��
����
�!

7.1 ����A��������'�����12 �+��E�����$�����(B������ ���'�����#$��-A�

������3�����
��:E
#�
��+'�
����?���((��!������
��'�� 3� �E!(�
��6���!��++��������
��

��
�!	��68'����
�+�
&
���������!�/�
�B� (Catalytic reactor) ��
��
�� �&!�3���++ Evaporator �)��

(������������6�(��<�'+�C(�&���
���I��)�!������
 %
�� 3��)��608��++�����8�!(����6��[�=�� 	��

��++�&!

8�'��<0
�8��)��
&+������! Gas Chromatography/Mass Spectrometer (GC-MS) ��������

6�(��<�3�
��'���������!�����
�+)�!
G���
��=&B����

��+'�
����?���((��!'8�6�(��<�
��
G��

��������
(���� %
����(�B)�!6���& !�������!��
�� �& !%++ Steady state condition %
� Transient 

condition ��68'�)�!
��'&����(�B����+��+���')�!�&'��8!�/�
������& ��3�����
��	�����������! 

Thermogravimetric Analyzer/ Mass Spectrometer (TGA-MS)

��68'�)�!
���3�����
����
�!�& �����3�
��:E
#���6=�'���� �(8(��& ' ��8 !�/�
� ����  

(Homogeneous reaction) %
�(��&'��8!�/�
����� ��
�B�)�!
��:E
#���'��&'��8!�/�
����� �(����3�
��

+���C�&'��8!�/�
��������� Ni/Al2O3 ���� Ni/CeO2 %
�'�I��������
 %
�� 3��)��608��++ ���3�
��'&��&���


��6
���&')�!������
 (Conversion) �'(<E!�&���
���
����	���������CB�=0(��8�!J 
&� (700–1000 °

C) �����:E
#��
)�!�CB�=0(��8��&�����\'��
���
���/�
����� ��
��

��:E
#��
)�!�CB�=0(�%
�' 
\�3�


��'&��&���
���
����	����� (H2 Selectivity) '&��6<���=��)�!�&'��8!�/�
����� (Stability) 	��
���3�
��

��
�!�8������!��Z��'
� 600 ���� �'(<E!'&����(�B
���
������+�������')�!�&'��8!�/�
�����	��'�[� 

Temperature Programmed Oxidation (TPO)

7.1.1 ����(B������ ���'�����#$��-A� ���*��+����	$��.�*@������� (Homogeneous reaction)


8���3�
��:E
#�
��+'�
����?���((��!��'�� 3�+��&'��8!�/�
����� Ni/Al2O3 %
� Ni/CeO2 ����3�


��:E
#��/�
�����)�!
����?���((��!��'�� 3�	�����:��
�&'��8!�/�
���������CB�=0(��8�! J �������������+

����+
&+%++���(��&'��8!�/�
����� �
������%6�!���0���� 7.1 �+'8� ����8'!�CB�=0(���3� (200-550°C) ���
�� 

Acetaldehyde (CH3CHO) %
���<0
��
��������Z�6���������CB�=0(����60!)E ��E�!����CB�=0(��8'!�& � ����

��
��6�(��<%�
�&' (Cracking) ��Z�(���� (CH4), ��	����� (H2) ����+��(����
���� (CO), %
�
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����+������
����(CO2)��� %
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���&' (Conversion) )�!������
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��*'(  7.1 �8� Selectivities )�!6���8�!J ��������

��+'�
����?���((��!������
��'�� 3�����CB�=0(����'8�!

200 <E! 1000 °C 	�����:��
�&'��8!�/�
����� (EtOH (�), H2 (�), CO (�), CO2 (�), CH4 (�),

CH3CHO (�), C2H6 (�), and C2H4 (�)).

7.1.2 +	��0�1!�����������������������$�����(B������ ���'�����#$��-A� ���!"#�	$��.�

*@������� Ni/Al2O3 ����	$��.�*@������� Ni/CeO2


����
�!����(���	��
��:E
#�<E!:&
�=����
���
����	�������

��+'�
����?���((��!����

��
��'�� 3�����CB�=0(��8�!J 
&�+��&'��8!�/�
����� Ni/Al2O3 (Lab grade) �
�������&!%6�!���0���� 7.2 �+

'8��(����CB�=0(�60!)E �������
6�(��<��?���( %
��
����	�������
(����(�
)E � ��
�& �:E
#�:&
�

=����
���
����	�������

��+'�
����?���((��!������
��'�� 3� ����CB�=0(��8�!J 
&�+��&'��8!

�/�
����� Ni/CeO2 �
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����?���((��!��� 900 °C �8������!<E! 
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��
�& �������'�[� Temperature Programmed Oxidation (TPO) ����������(�B
���
������+��

+��� ���')�!�&'��8!�/�
������& !6�! �
&!��

�����!����?���((��!��Z��'
� 600 ���� �&!%6�!�
 ���0���� 

7.5 �+'8�
���
������+������� ���')�!�&'��8!�/�
����� Ni/CeO2 �& � (����(�B����
'8� 
���
������+��+�

�� ���')�!�&'��8!�/�
����� Ni/Al2O3 �E�!6���
��!
&+�

��'�����������(�B����+��)�!������! TGA-MS 

�&!%6�!�
������!��� 7.1
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��*'(  7.5 %6�!�
)�!
���3� Temperature Programmed Oxidation )�!�&'��8!�/�
����� Ni/Al2O3 ����+


&+ Ni/Ce-ZrO2 �
&!��
�8��
�����!����Z��'
� 600 ����

Temperature (ºC)
O2

CO

CO2

Ni/Al2O3

Ni/CeO2 (HSA)
Ni/CeO2 (LSA)

C2H5OH/H2O ratio
Total carbon formation (monolayers)

Ni/CeO2 (HSA) Ni/CeO2 (LSA)

1.0/3.0

1.0/2.0

1.0/1.0

1.08a  (1.08)b

1.19   (1.17)

1.24   (1.26)

2.17   (2.15)

2.23   (2.21)

2.31   (2.34)

Table 7.1
The dependence of inlet C2H5OH/H2O ratio on the amount of carbon formation
remaining on the catalyst surface

a Calculated using CO and CO2 yields from temperature-programmed
   oxidation (TPO) with 10% oxygen.
b Calculated from the balance of carbon in the system.

4.52   (4.54)

4.76   (4.78)

4.81   (4.79)

Ni/Al2O3
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�''(  8

����$�����(B������ ���'�����#$��-A� (Methanol Steam Reforming)

8.1 ����$�����(B���������'�����#$��-A� (Methanol Steam Reforming Process)

�/�
������
&
����
���')��!
&+
��+'�
����?���((��!�(����
��'�� 3����
�+��'� (1) �/�
�����

��?���((��!�(����
��'�� 3� (Methanol Steam Reforming), (2) �/�
�����
��%�
�&')�!�(����


(Methanol decomposition), %
� (3) �/�
����� Water Gas Shift reaction

            CH3OH + H2O �  CO2 + 3H2       (1)

            CH3OH         �  CO  + 2H2       (2)

             CO + H2O     �  CO2 + H2        (3)

��(�"#$�%
�'����
� 75 )�!��	���������
������& !�(���
��+'�
���� (���
�/�
�����

��?���((��!�(����
��'�� 3� ��8�!��
\��(
��+'�
���� �
������CB�=0(�60! �&!�& ��E!���!����'�(63��&�
&+

�/�
�����
��%�
�&')�!�(����
 �E�!��Z�6����C�
&
��
���
������+��+���')�!�&'��8!�/�
����� 68!�
���

���6��[�=��)�!�&'��8!�/�
�����
�
! �(�����\'J��  �B��3�!��)�! Y.Choi [3]   ����6��

�

��%�
�&'

��8�!!8��)�!�(����
 	��6�����
�+����
��)E �(��&!�8�����  Dimethylether (CH3O)2, Methoxy (CH3O),

Formaldehyde (CH2O), MethylFormate (CH3OCHO) �������6C�%
�' ��
��
6�����
�+��
8��� ��

%�
�&'

������
��=&B���&!�/�
��������(2) %
�'�&!(� 
\��(����(CH4) �
��)E ���'�  �(�������+��(���
����

%
�(����%�
�&' ���3�����
������+��+���'�&'��8!�/�
������&!%6�!���/�
�������� (4) �/�
�����

Boudouard %
� (5 ) �/�
�����
��%�
�&')�!(���� (Methane decomposition)

                     2CO  � CO2 + C                   (4)

                      CH4 � 2H2  + C                      (5)

�&'��8!�/�
���������
��
�����
��+'�
���� ��� CeO2 (HSA; High Surface Area) 	�����3�
��

�����+����+
&+ CeO2 (LSA) �&�'�� 68'���++��������
��:E
#�
��+'�
����?���((��!�(����
��'�� 3�(�

68'����
�+�
&
���  ��++ Evaporator ���������'+�C(�&���
���I���(����
%
�� 3��)��608 ��++������!

�/�
�B� (Catalytic Reactor) �/�
�����������!
��:E
#����
��)E ���������!��  ��
������E�!������!�/�
�B��8�

�)��
&+������!Gas-Chromatography/Mass- Spectrometer (GC-MS) �����'���������!�����
�+)�!
G��
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��

��+'���?���((��!'8�(�68'����
�+)�!6���& !�����
����

���3��/�
����������(8 %
��
&!��
�
��

�/�
�����%
�' �
��
G��������)E � 6=�'���
����
�!(��& !%++ Steady State %
� Transient  ��68'�)�!

���(�B����+������
��)E �+���')�!�&'��8!�/�
������& � 6�(��<'�����������	�����������! TGA-MS  �
&!��


����& !�C�
�B�����+����%
�' �E!����(�3�
�� :E
#�
��%�
�&')�!�(����
	���(8����&'��8!�/�
�����

(Homogenous reaction) 	�� �I��� 3�%
��(����
 (�&���68'�)�!� 3��8��(����
� ��� 1:3) �)��608��++

%
�''&��&���
��6
���&')�!�(����
%
��&���
���
����	���������CB�=0(� 700 – 1000 oC �����:E
#�

�
)�!�CB�=0(����(��8��&���
���
���/�
����� �
&! ��
�& ��E!+���C�&'��8!�/�
�����
!�������!�/�
�B�%
��3�


�� :E
#��6<���=����!�'�(���� (Thermal stability))�!�&'��8!�/�
�����	��
��'&��&���
��6
���&'

)�!�(����
����CB�=0(� 900 oC ��Z��'
� 100 �&�'	(!  �8���
 �& ��E!'�����������(�B����+������
��)E ����

��')�!�&'��8!�/�
�������������! TGA-MS 	��
���I�� ��
������)�����3��/�
�����
&+����+��+���'�&'��8!

�/�
����� ����
'�[�
���� '8� Temperature Program Oxidation (TPO)   ���(�B����+��+���'�&'��8!

�/�
�����6�(��<�3��'������
6(�C
('
��+������!�/�
�B�( mass balance ) �E�!��!�"#$��& � ����8�


&+�
�8�!���'8�! ����+�����!�����
�+)�!6������I���)���& !�(� (CH3OH) 
&+����+�����!��

���
�+)�!6�������
��
������!�/�
�B� (CO, CO2, %
� CH4)  �3�
����
�!%++�� 
&+�&'��8!�/�
�����

�& ! 2 ���� ���������������+����+���6��[�=��)�!�&'��8!�/�
����� CeO2 (HSA; High Surface Area) 
&+�&'

��8!�/�
����� CeO2 (LSA)

8.2 �����'�����12 �+��E�����$�����(B���������'�����#$��-A�

��

��:E
#�
��%�
�&')�!�(����
	���(8����&'��8!�/�
������+'8��(����
6�(��<�
��

��	������������CB�=0(�60! %�8���(�B��	�����������(����(�B���� �&!%6�!���0���� 8.1 �E�!�����Z��
(�

��
�/�
�����(� Selectivity ��3� �&!�& ��E!���!����&'��8!�/�
��������������(�&���
���
����	�����)�!�/�
�����

��8�!��
\��(�&'��8!�/�
�������������08������C+&� (Ni/Al2O3) (�����������!
���
������+�������'68!�
����'�(

6�(��<��
����8!�/�
�����
�
! �E!���(��'�(�����(��
�����&!��8!�/�
��������6�(��<�������
���
��

����+�������'���(�

'8��E�!��!��'��&��� �
��
����&'��8!�/�
����� CeO2 �������Z���
��!�
��
��E�! �E�!�(����3�


��:E
#��6<���=���8�
��+'�
�� (stability) %
����(�B)�!����+������
�������')�!�&'��8!�/�
������+

'8��&���
��6
���&')�!�(����
+��&'��8!�/�
�����  CeO2 �8��)��!�!����
��
�����!�� �&!%6�!���0����

8.2 %
��(���'�����������(�B)�!����+�������')�!�&'��8!�/�
������+'8����(�B����+�������')�!�&'��8!

�/�
����� CeO2 (��8��8��)��!��3��&!�
���%6�!���0���� 8.3 �& !�� ��Z��
(���
�'�(6�(��<��
�����%
��&+

��
�����)�! CeO2 (Oxygen Storage Capacity; OSC) �&����!
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(HSA) with H2O/CH3OH of 3.0 (�),CeO2 (HSA) with H2O/CH3OH of 1.0 (�),CeO2 (HSA) with
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� MeOH
� CO
� CH4

�CO2

� H2

             Hydrogen selectivity in the absence of catalyst
             (Homogeneous reaction)
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�0���� 8.4 �
)�!�CB�=0(����(��8� 
��6
���&')�!�(����
%
� Selectivity )�!�/�
������(����
��?���(

(��!��'�� 3�+��&'��8!�/�
����� CeO2 (HSA)

MeOH

CO

   CH4

CO2

    H2

  CeO2 (LSA)b

  CeO2 (HSA)c

Catalyst H2O/CH3OH

ratio

     0.0

     1.0

     3.0

     0.0

     1.0

     3.0

 6.0

 6.0

 6.1

22.0

22.2

22.1

Table 8.1 Deactivation percentages, steady state hydrogen selectivities, specific surface area,
and amount of carbon deposition on the surface of catalysts after exposure in methanol
decomposition conditions (various inlet H2O/CH3OH ratios) at 900ºC for 100 h

Deactivation

(%)

 28.0

 36.2

 43.6

 66.5

 80.0

 90.4

C formationa

(monolayers)

0.35

0.17

0.06

~ 0

~ 0

~ 0

 40.9

 34.9

 29.7

  7.4

  7.6

  6.5

Hydrogen selectivity

(%) at steady state

BET surface

 (m2 g-1)

a Calculated using CO and CO2 yields from temperature-programmed oxidation (TPO) with 10% oxygen
b conventional CeO2 prepared by precipitation method
c nanocomposite high surface area CeO2
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9.1 +��E�+	��0�13�� CeO2 �.�����$�����(B������ � LPG �#$��-A�


����
�!�3�����
��	��
���I��� 3�����(
&+
G��	����� %
�+�'��� �)��608��++�E�!+���C�&'��8!

�/�
����� CeO2 �'� 	����
����
�!���I�� LPG %
���� 3���'��&���68'��!������ 1.0 �8� 5.0 �)��608��++

%
��3�
��:E
#��6<���=�� (Stability) )�! CeO2 (�����+����+
&+ Ni/Al2O3) ��
�0���� 9.1 �+'8�
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����� CeO2 ��(��6<���=��60!
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���&!

8�'+�

Ni/Al2O3 (�
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������+�������'60! �E�!6�(��<����&�)��6�C��� ���

��

���3� TPO (Temperature Programmed Oxidation) �&!%6�!���0���� 9.2
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(Selectivities) ��
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(conversion of C4H10 (�), conversion of C3H8 (�), and the selectivities of H2 (�), CO (�), CO2

(�), CH4 (�), C2H6 (�), and C2H4 (�))
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����� (Selectivities) ��
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��

��?���((��!)�! LPG ��'�� 3�+��&'��8!�/�
����� CeO2 ����CB�=0(� 900 �!:���
����6 (selectivities of H2

(�), CO (�), CO2 (�), CH4 (�), C2H6 (�), and C2H4 (�))

��

����
�!6�(��<6�C����'8� CeO2 (�:&
�=����
����?���(
G���C!��(��8�����'
&+
G��[��(

���� �E�!

�

���
���/�
����� (Chemical mechanism) )�! Steam reforming of LPG +��&'��8!�/�
�����

CeO2 6�(��<�[�+�������'�
��+'�
�����G�
�� (Redox) �&!%6�!��6(
������
8�!

H2O/LPG ratio
Total carbon formation

(monolayers)

3.0

4.0

5.0

6.0

7.0

0.82a  (0.84)b

0.67   (0.65)

0.51 (0.48)

0.44 (0.44)

0.41   (0.39)

�����'(  9.1

�
)�!���(�B� 3�)��)���8����(�B��	���������
����� %
����(�B����+������
��

)E ������')�!�&'��8!�/�
����� CeO2 ��

��+'�
�� Steam reforming of LPG

a Calculated using CO and CO2 yields from temperature-programmed
   oxidation (TPO) with 10% oxygen.
b Calculated from the balance of carbon in the system.

Hydrogen selectivity
(%) at steady state

43.1

55.0

62.9

65.3

68.0
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C4H10 + 4SCe � 2(CH3-SCe) +  2(CH2- SCe)

C3H8  + 3SCe � 2(CH3-SCe) +  CH2-SCe

C2H6  + 2SCe � 2(CH3-SCe)        

C2H4 + 2SCe � 2(CH2-SCe)        

CH4 +  2SCe � CH3-SCe +  H-SCe    

CH3-SCe + SCe � CH2-SCe +  H- SCe

CH2-SCe + SCe � CH-SCe  +  H-SCe

CH-SCe  + SCe � C-SCe  +  H-SCe

C-SCe  +  OO
x � CO + VO••   + 2 e'     +       SCe

2H-SCe � H2 + 2SCe

H2O  +  VO•• + 2 e'      � OO
x  + H2

9.2 +��E�+	��0�13�� CeO2 �.�����$���� Autothermal reforming of LPG


���3�����
��)& ��8�(������
����(�B����+�������' CeO2 �'(<E!��&+��C!6&�68'�)�!
G���
��

=&B�����
���I��� 3�%
���
������)��608��++��'�����(
&+
G��	����� %
�+�'��� (
��+'�
��

Autothermal reforming) �E�!
����
�!������(�����

��:E
#���6&�68'�)�!��
������8�� 3� %
� LPG

�����(��6(�6��
8�� 	��
���I����
������8� LPG ���6&�68'��'�(�)�()���& !%�8 0, 0.2, 0.4, 0.6, 0.8, %
�

1.0 �)��608��++%
��3�
�������+����+���(�B��	����������� �&!%6�!���0� 9.5 �+'8�6&�68'����'8�!

��
������8� LPG �����(��6(���6C���� 0.6 �E�!���6&�68'��&!

8�'��6�(��<�
����	��������<E! 77% %
�

��

��:E
#����(�B����+�������')�! CeO2 ��'�
��+'�
�� Temperature programmed oxidation

(TPO) �+'8��(���6&�68'�)�!
���I����
������8� LPG 60!
'8� 0.6 ���(8�
��
��?���(�&')�!����+�����

��')�! CeO2  
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����� (Selectivities) ��

��+'�


����?���((��!)�! LPG ��'�� 3�+��&'��8!�/�
����� CeO2 ����CB�=0(� 900 �!:���
����6 (selectivities of

H2 (�), CO (�), CO2 (�), CH4 (�),and C2H4 (�))

����!��� 9.2 %6�!���(�B����+��+���')�!�&'��8!�/�
����� CeO2 ���'&������
�&'��8!�/�
�����

CeO2 �(����8��
��+'�
�� Autothermal reforming 	���I����
����������(�B�8�!J 
&� �E�!��
����!

�&!

8�'�+'8��(���(�
���I����
������8� LPG ��6&�68'�(�

'8� 0.6 ���(8�+
��?���(�&')�!����+��

+���')�!�&'��8!�/�
����� CeO2

Oxygen/LPG ratio
Total carbon formation

(monolayers)

0.0

0.2

0.4

0.6

0.8

1.0

0.51a  (0.48)b

0.19   (0.21)

0.07   (0.06)

~0.0   (~0.0)

~0.0   (~0.0)

~0.0   (~0.0)

�����'(  9.2

�
)�!���(�B� 3�)��)���8����(�B��	���������
����� %
����(�B����+������
��)E ����

��')�!�&'��8!�/�
����� CeO2 ��

��+'�
�� Autothermal reforming of LPG

a Calculated using CO and CO2 yields from temperature-programmed
   oxidation (TPO) with 10% oxygen.
b Calculated from the balance of carbon in the system.

Hydrogen selectivity
(%) at steady state

62.9

69.8

76.1

77.0

72.8

69.0
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�''(  10

��������������(B�����������*���!)�.

10.1 ��������������(B���������

��++��?���(�(����E�!��� CeO2 ��Z��&'��8!�/�
������+� �!��� (Pre-reforming element) ���<0
��
%++��


&
#B�)�! Annular reactor �E�!(��8�����
&���08 2 �& � �8�������(�)����6���8�:0���

�! 1/4�� ' 68'��8�����

��
(�)����6���8�:0���

�! 1/2 �� ' %
��8��& !6�!(��'�(��' 40 ������(�� 	��
G��[��(������<0


�I���)��608�8�)����
\
�& ���
8�� %
�'�E!����

&+�)��608�8�)������8������
=���
&!�&!%6�!���0����

10.1

��

����
%++�&!

8�' CeO2 ��<0
+���C�'����8��& ��� �E�!'&�<C��+��
=����
���)��(�6&(�&6

%
��3��/�
�����+��&'��8!�/�
������&!

8�'
8�� (Pre-reforming) ��
�& �
G���
��=&B������������
'


&+

�)��608�8��& ���
�E�!+���C�&'��8!�/�
����� Ni/Al2O3 ��08������
���/�
�������?���((��!��
��& ! %
�6�(��<�
��

��	�������
(������8�!(����6��[�=��

��*'(  9.1 ��++ Annular reactor ���6���!)E �
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��++�&!

8�'��<0
�8��)��
&+��++�'(%����� Catalytic packed-bed reactor ���(�E�!��� 3�����
��

)E ����
����

�������� 3�	�������++ Evaporator 68'� Hydrogen-rich gas ��������

��+'�
����<0


�3���'��������	��������! Gas chromatography %
� Mass spectrometer �8���

10.2 ����A���������12 �+��E���3�����!"#�������!������(B���������

�����:E
#��
)�!
������((�+������++��?���(�(��� !��'��&��� �E!�3�����
���&W��	(��
��!

�B��:�6���)�!��++�((�+��)E �(�������3�
�������+����+
&+��++��?���(�(�����
�� 	��(����
������

)�!!���&!�� 

10.2.1 ���1	X�������3�������(B���������*���� (Fixed bed model)

��*'(  10.2: ��++��?���(�(�����
��

Material balance:

i
i rc

dL
Md

1� (10.1)

Energy balance:

� � � � � ��� �
�	� iRiSSipi HrcTTc
dL
TdCM ,32, (10.2)

	��
0,

0
1

T

cc

M
lA

c
�
�

012 2 lrUc SS ��

clrc �� 0
2

13 �

�
�
�

�
�
�
�

�
�

0,T

i
i

M
M

M  ;
0T
TT �    ;    

0T
T

T ss
SS �

Heat transfer
through
stainless steel

Heat of reaction
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10.2.2 ���1	X�������3�������(B���������'( !"#�������

��*'(  10.3: ��++��?���(�(����������((�+��

Material balance:

Reaction side:

Hi

S
i Qara

dL
Md

21 	� (10.3)

Permeation side:

H

T
i Qa

dL
Md

7� (10.4)

Energy balance:

Reaction side:

� � � � � � � � H
S
miRi

STS
SS

S
S
ip

S
i QHaHraTTaTTa

dL
TdCM 6,543, ��
�	�	� �� (3.8)

Permeation side:

� � � � H
T
m

ST
T

ip
T
i QHaTTa

dL
TdCM 98, �		�� (10.5)

Heat transfer
through
membrane

Heat transfer
through
stainless steel

Heat of reaction Heat transfer by
permeation gas

Heat transfer
through
membrane

Heat transfer by
mass permeation
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T
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3 rrAS

c 	� �

��
�0���� 10.3 (�
���& !6((C��;�����
G�����%��8�8���((�+�������	�������8��& � 	��6�(��<�3��'B�&���
��%��8�����
6(
��

����
8�!

s

b

ss K
DN

PP
ZJ

�
	
�

5.0
2

5.0
1

(10.6)

J = Hydrogen atom flux or permeation rate of hydrogen

Nb = bulk metal Pd atom concentration (0.113 mol Pd/cm2)

The diffusion coefficient (D) 6�(��<�3��'B�����
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Abstract

High surface area ceria (CeO2 (HSA)), synthesized by a surfactant-assisted approach, was found to have useful dry reforming activity for

H2 and CO production under solid oxide fuel cells (SOFCs) conditions. The catalyst provides significantly higher reforming reactivity and

excellent resistance toward carbon deposition compared to Ni/Al2O3 and conventional low surface area ceria (CeO2 (LSA)) under dry

reforming conditions. These enhancements are due to the high redox property of CeO2 (HSA). During the dry reforming process, the redox

reactions between the gaseous components in the system and the lattice oxygen (Ox) take place on ceria surface. Among these reactions, the

rapid redox reactions of carbon compounds such as CH4, and CO with lattice oxygen (CH4 + Ox ! CO + H2 + Ox�1 and

CO + Ox = CO2 + Ox�1) can prevent the formation of carbon species from the methane decomposition and Boudard reactions even at

low inlet carbon dioxide concentration.

In particular, the dry reforming rate over CeO2 (HSA) is proportional to the methane partial pressure and the operating temperature.

Carbon dioxide presents weak positive impact on the methane conversion, whereas both carbon monoxide and hydrogen inhibit the reforming

rate. The activation energies and reforming rates under the same methane concentration for CeO2 toward the dry reforming are almost equal to

the steam reforming as previously reported [1–4]. This result suggests the similar reaction mechanisms for both the steam reforming and the

dry reforming over CeO2; i.e., the dry reforming rate is governed by the slow reaction of adsorbed methane, or surface hydrocarbon species,

with oxygen in CeO2, and a rapid gas–solid reaction between CO2 and CeO2 to replenish the oxygen.

# 2005 Elsevier B.V. All rights reserved.

Keywords: Ceria; Dry reforming; High surface area; Hydrogen; SOFC

1. Introduction

Cerium oxide or ceria is an important material for a

variety of catalytic reactions involving oxidation of

hydrocarbons (e.g., automobile exhaust catalysts). This

material contains a high concentration of highly mobile

oxygen vacancies, which act as local sources or sinks for

oxygen involved in reactions taking place on its surface.

Nowadays, a potential application of ceria is in solid

oxide fuel cells (SOFCs) application as a reforming catalyst

for in-stack (called indirect internal) reforming of methane

[1]. Conventional Ni catalysts have been reported to provide

too high endothermic reforming reactivity for in-stack

reforming in SOFCs [5]. The rapid endothermic reaction can

lead to local temperature gradients especially close to the

entrance of the reformer, which consequently cause the

possible mechanical failure due to thermally induced

stresses [6,7]. In addition, the carbon deposition was easily

formed on the surface of Ni catalyst under SOFC operating

conditions, resulting in the rapid catalyst deactivation [8].

Thus, a less active and high resistant toward carbon

formation catalyst is desirable to give better control of the

coupled heat flows and chemical reactions. Ceria is a

candidate catalyst for this application since it is much less

active and more resistant toward carbon deposition
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compared to Ni [3]. Recently, the successful tests of ceria for

the ‘dry methane’ and ‘methane steam reforming’ reactions

have been reported [1–3].

Due to the high resistance toward carbon formation, ceria

should also be a good candidate for use in the dry reforming

process. Both the steam and dry reforming reactions have

similar thermodynamic characteristics except that the

carbon formation in the dry reforming is more severe than

in the steam reforming due to the lower H/C ratio of this

reaction [9]. The attractive feature of the dry reforming

reaction is the utilization of CO2, which is a greenhouse

effect gas. In general, the dry reforming reaction (Eq. (1)) is

typically accompanied by the simultaneous occurrence of

the reverse water–gas shift reaction (RWGS) (Eq. (2)).

CH4 þ CO2 ¼ 2COþ 2H2DH ¼ 247kJ=mol (1)

CO2 þ H2 ¼ COþ H2ODH ¼ 41:1kJ=mol (2)

The hydrogen to carbon monoxide production ratio from the

dry reforming reaction is, therefore, less than 1. Sodesawa

et al. [10] studied the dry reforming reaction at a stoichio-

metric feed ratio over several catalysts. They found that the

activities of most catalysts deactivated rapidly due to the

carbon deposition. Previously, no researcher has investi-

gated the dry reforming over ceria before.

As described, ceria has a great potential to be used as the

reforming catalyst for the indirect internal reforming solid

oxide fuel cells (IIR-SOFCs); however, the main weaknesses

of this material are its low specific surface area and high

deactivation due to the thermal sintering when operated

under SOFC stack conditions. It was reported that after

exposure in methane steam reforming conditions at 900 8C
for 18 h, the reforming reactivity over ceria deactivated 30%

and the steady-state methane conversion was less than 10%

[3]. The use of high surface area ceria (CeO2 (HSA)) would

be a good alternative method to minimize the sintering

impact and consequently improve the stability and steady-

state activity. Several methods have recently been described

for the preparation of CeO2 (HSA) solid solution. Most

interest is focused on the preparation via templating

pathways [11–13]. Several meso-structured surfactant–

oxide composites have been synthesized by this approach.

However, a few of these composites showed a regular pore

structure after calcination [14–16]. Terribile et al. [17]

synthesized CeO2 (HSA) with improved textural, structural

and chemical properties for environmental applications by

using a surfactant-assisted approach. The materials with

good homogeneity and stability especially after thermal

treatments were achieved.

In the present work, CeO2 (HSA) was synthesized by the

surfactant-assisted approach. The stability and activity

toward the dry reforming of CeO2 (HSA) were studied

and compared to the conventional low surface area ceria

(CeO2 (LSA)), and Ni/Al2O3. The resistance toward carbon

formation and the kinetics of the reactions on CeO2 (HSA)

were also determined.

2. Experimental

2.1. Catalyst preparations and characterizations

CeO2 (LSA) was prepared by the precipitation of cerium

chloride (CeCl3�7H2O) from Aldrich. The starting solution

was prepared by mixing 0.1 M of this metal salt solution

with 0.4 M of ammonia at a 2:1 volumetric ratio. This

solution was stirred by magnetic stirring (100 rpm) for 3 h,

then sealed and placed in a thermostatic bath maintained at

90 8C for 3 days. The precipitate was filtered and washed

with deionised water and acetone to remove the free

surfactant. It was dried overnight in an oven at 110 8C, and
then calcined in air at 1000 8C for 6 h.

Following to the work from Terribile et al. [17], CeO2

(HSA) were prepared by adding an aqueous solution of the

appropriate cationic surfactant, 0.1 M cetyltrimethylammo-

nium bromide solution from Aldrich, to a 0.1 M cerium

chloride. The molar ratio of ([Ce])/[cetyltrimethylammo-

nium bromide] was kept constant at 0.8. The mixture was

stirred and then aqueous ammonia was slowly added with

vigorous stirring until the pH was 11.5 [17]. The mixture

was continually stirred for 3 h, then sealed and placed in the

thermostatic bath maintained at 90 8C for 3 days. After that,

the mixture was cooled and the resulting precipitate was

filtered and washed repeatedly with water and acetone. The

filtered powder was then treated under the same procedures

as CeO2 (LSA). For comparison, Ni/Al2O3 (5 wt.% Ni) was

also prepared by impregnating a-Al2O3 (from Aldrich) with

NiCl3. After stirring, the solution was dried and calcined at

1000 8C for 6 h. The catalyst powder was reduced with

10%H2/Ar at 700 8C for 6 h before use.

BET measurements of CeO2 were carried out before and

after calcination at different temperatures in order to

determine the decrease in surface area by the thermal

sintering. As presented in Table 1, after drying in the oven,

surface areas of 105 and 55 m2 g�1 were observed for CeO2

(HSA) and CeO2 (LSA), respectively and, as expected, the

surface area decreased at high calcination temperatures.

However, the value for CeO2 (HSA) is still appreciable after

calcination at 1000 8C and it is almost three times of that for

the general CeO2 (LSA). The homogeneity and morphology

of CeO2 (HSA) was also investigated. All samples have a
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Table 1

Specific surface area of the catalysts after drying and calcinations at

different temperatures

Catalyst BET surface area (m2 g�1) after drying or calcination at

(8C)

100 200 400 600 800 900 1000

CeO2 (LSA)
a 55 49 36 21 15 11 8.5

CeO2 (HSA)
b 105 97 69 48 35 29 24

a Conventional low surface area CeO2 prepared by the precipitation

method.
b Nanocomposite high surface area CeO2 prepared by the surfactant-

assisted approach.



similar morphology and exhibit a very narrow particle-size

histogram. As expected, samples treated at 1000 8C showed

a larger particle size than those treated at lower tempera-

tures. The mean particle size for CeO2 (HSA) after

calcination at 1000 8C was 30–100 nm.

2.2. Experimental set-up

In order to investigate the dry reforming reaction, an

experimental reactor system was constructed as shown in

Fig. 1. This system consists of three main sections: feed,

reaction, and analysis sections. The main obligation of the

feed section is to supply the components of interest

including CH4, CO2, H2, and CO to the reaction section,

where an 8 mm internal diameter and 40 cm length quartz

reactor was mounted vertically inside a furnace. The gas

mixture was flowed though this quartz reactor, in which the

catalyst was filled inside. A small amount of quartz wool

was used to prevent the catalyst from moving. The weight of

catalyst loading was 50 mg, while a typical range of total gas

flow was 20–200 cm3 min�1 depending on the desired space

velocity. A Type-K thermocouple was placed into the

annular space between the reactor and the furnace. This

thermocouple was mounted on the tubular reactor in close

contact with the catalyst bed to minimize the temperature

difference between the catalyst bed and the thermocouple.

Another Type-K thermocouple was inserted in the middle of

the quartz tube in order to re-check the possible temperature

gradient. The record showed that the maximum temperature

fluctuation during the reaction was always within �0.75 8C
or less from the temperature specified for the reaction.

After reaction, the gas mixture was transferred via trace-

heated lines to the analysis section, which consists of a

Porapak Q column Shimadzu 14B gas chromatograph (GC)

and a mass spectrometer (MS). The gas chromatography was

applied in order to investigate the steady-state condition

experiments, whereas the mass spectrometer was used for

the transient carbon formation experiments.

In the present work, the outlet of the GC column was

directly connected to a thermal conductivity detector (TCD).

In order to satisfactorily separate CH4, CO, CO2, and H2, the

temperature setting inside the GC column was programmed

varying with time. In the first 3 min, the column temperature

was constant at 60 8C, it was then increased steadily by the

rate of 15 8C per min until 120 8C. Finally, the temperature

was decreased to 60 8C. The analytical method applied is an

internal standardization in which the peak area is related to

the molar concentration through the response factor (RF).

RF ¼ concentration ðppmÞ
peak area

(3)

Table 2 presents the absolute response factor (RF) for all

components concerned in this research. In order to study the

formation of carbon species on catalyst surface, the transient

exhaust gas from the catalytic reactor was analyzed using the

mass spectrometer. Sampling of the exhaust gas was done by

a quartz capillary and differential pumping. The calibration

of CO and CO2 were performed by injecting a known

amount of these calibration gases from a loop, in an injection

valve in the bypass line. The response factors were obtained

by dividing the number of moles for each component

over the respective areas under peaks. This process was
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Fig. 1. Schematic diagram of the experimental set-up.

Table 2

Absolute response factors and retention time of each component

Gas Response factor (RF) Retention time (min)

H2 0.35 0.70

CO 0.19 1.15

CH4 0.09 1.59

CO2 0.21 2.65



performed before each experiment to achieve maximum

accuracy in the quantitative carbon analysis.

2.3. Temperature programmed techniques (TP)

Temperature programmed technique (TP) was applied for

studying the resistance toward carbon formation. The

temperature programmed oxidation (TPO) was carried out

by introducing 10% oxygen in helium with the total flow rate

of 100 cm3 min�1 into the system. The temperature was

increased from room temperature to 900 8C at the rate of

10 8C/min. The amount of carbon formations on the surface

of catalysts were determined by measuring the CO and CO2

yields from the TPO results and assuming a value of

0.026 nm2 for the area occupied by a carbon atom in a

surface monolayer of the basal plane in graphite [18]. In

addition to the TPO method, the amount of carbon

deposition was confirmed by calculating carbon balance

of the system. The amount of carbon deposited on the

surface of catalyst would theoretically be equal to the

difference between the inlet carbon containing components

(CH4 and CO2) and the outlet carbon containing components

(CO, CH4, and CO2). The amount of carbon deposited per

gram of catalyst is given by the following equation:

Cdeposition ¼
molecarbonðinÞ �molecarbonðoutÞ

mcatalyst
(4)

3. Results

3.1. Preliminary test

Preliminary experiments were carried out to find a

suitable condition in which internal and external mass

transfer effects are not predominant. Considering the effect

of external mass transfer, the total gas flow rate was varied

between 10 and 200 cm3 min�1 under a constant residence

time of 5 � 10�4 g min cm�3. As shown in Fig. 2, the

reforming rate was found to be independent of the gas

velocity when the gas flow rate was higher than

60 cm3 min�1, indicating the absence of external mass

transfer effects at this high velocity.

The reaction on different average sizes of catalysts (up to

500 mm) were carried out in order to confirm that the

experiments were performed within the region of intrinsic

kinetics. It was observed that the catalysts with the particle

size less than 200 mm showed no intraparticle diffusion

limitation in the range of conditions studied. Therefore, in

the following studies, the total flow rate was kept constant at

100 cm3 min�1 whereas the catalyst diameters were kept

within the above-mentioned range in all experiments.

3.2. Stability and activity toward the dry reforming

Synthesized CeO2 (HSA), CeO2 (LSA), and 5% Ni/

Al2O3 were studied in the dry reforming at 900 8C. The feed
was CH4/CO2 in helium with different CH4/CO2 molar

ratios of 1.0/0.3, 1.0/1.0, and 1.0/3.0. The main products

from this reaction were H2 and CO with some H2O. The

observed H2/CO production ratios were less than 1.0 in all

conditions indicating a contribution from the reverse water–

gas shift reaction at this operating temperature. The

reforming rate was measured as a function of time in order

to indicate the stability and the deactivation rate. The

variations in the methane conversion with time at 900 8C for

the different inlet CH4/CO2 ratios are shown in Fig. 3.

Significant deactivations were detected for Ni/Al2O3

catalyst in all conditions especially at high inlet CH4/CO2

ratio, whereas much lower deactivations were detected for

both CeO2 (HSA), and CeO2 (LSA). At steady-state, the dry

reforming over CeO2 (HSA) with inlet CH4/CO2 of 1.0/3.0

showed the best performance in terms of stability, and

activity. Catalyst stabilities expressed as deactivation

percentages are given in Table 3. It should be noted that,

in order to determine whether the observed deactivation is

due to the carbon formation, the post-reaction temperature-

programmed oxidation (TPO) experiments were carried out.

From the TPO results shown in Fig. 4, the huge peaks of

N. Laosiripojana, S. Assabumrungrat / Applied Catalysis B: Environmental 60 (2005) 107–116110

Fig. 2. Effect of the total gas flow rate on the methane conversion from the

dry reforming (CH4/CO2 = 1.0/3.0) at 900 8C with the constant resident

time of 5 � 10�4 g min cm�3.

Fig. 3. Dry reforming of methane at 900 8C for different catalysts using

different inlet CH4/CO2 ratios.



carbon dioxide and carbon monoxide were observed for Ni/

Al2O3 at 600 8C, while small peaks of carbon dioxide and

carbon monoxide were detected for CeO2 (LSA). No peak of

either carbon dioxide or carbon monoxide was detected for

CeO2 (HSA) in all conditions. The amount of carbon

formations on the surface of Ni/Al2O3 with different inlet

CH4/CO2 ratios were determined by measuring the CO and

CO2 yields from the TPO results (using Microcal Origin

Software). Using a value of 0.026 nm2 for the area occupied

by a carbon atom in a surface monolayer of the basal plane in

graphite [18], the quantities of carbon deposited over Ni/

Al2O3 were observed to be approximately 5.8, 5.2, and 3.9

monolayers, while those over CeO2 (LSA) were 0.15, 0.11,

and 0.08 monolayers for the inlet CH4/CO2 ratios of 1.0/0.3,

1.0/1.0, and 1.0/3.0, respectively. The total amounts of

carbon deposited were ensured by calculating the carbon

balance of the system. Regarding the calculations, for the

inlet CH4/CO2 ratios of 1.0/0.3, 1.0/1.0, and 1.0/3.0, the

moles of carbon deposited per gram of CeO2 (LSA) were

0.19, 0.12, and 0.09 mmol g�1. By the same assumption for

the area occupied by a carbon atom [18], these values are

equal to 0.16, 0.10, and 0.07 monolayers, respectively,

which is in good agreement with the values observed from

the TPO method described above. The results clearly

indicated that the deactivations observed for Ni/Al2O3 were

mainly due to the carbon deposition on the surface of

catalyst, and CeO2 presented significantly stronger resis-

tance toward carbon formation compared to Ni/Al2O3.

The BET measurements were carried out to observe the

surface area reduction percentages of all catalysts. As shown

in Table 3, it was suggested that the deactivations of ceria are

mainly due to the thermal sintering. In addition, the surface

area reduction percentage of CeO2 (HSA) is much lower

than CeO2 (LSA), indicating its better stability toward the

thermal sintering.

3.3. Kinetics of the dry reforming on CeO2 (HSA)

The kinetics of the dry reforming over CeO2 (HSA) was

studied by varying inlet CH4, and CO2 partial pressures at

different operating temperatures. The effects of CO and H2

in feed on the reforming rate over this catalyst were also

investigated, as both components are the main products from

the dry reforming.

The inlet methane partial pressure was varied from 0.01

to 0.04 atm, while the operating temperature range was 900–

1000 8C. The activity of CeO2 (HSA) increased with

increasing methane partial pressure as well as the operating

temperature as shown in Fig. 5. In the present work, the dry

reforming rate was represented in term of the turnover

frequencies (N), calculated from the below equation [1].

N ¼ rNAAN2

mcS
(5)

It is assumed that all surface sites accessible by nitrogen

adsorption (area per molecule 16.2 � 10�20 m2 [1,18])

were active. Here, r is the moles of CH4 changing per

unit time (molCH4
min�1), NA the Avagadro’s number,

AN2
the area occupied by an adsorbed nitrogen molecule

(16.2 � 10�20 m2), mc the weight of catalyst used

(0.05 g), and S the specific surface area of the catalyst

(m2 g�1).
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Table 3

Deactivation percentages, specific surface area, and the amount of carbon deposition on the surface of catalysts after exposure in dry reforming conditions

(various inlet CH4/CO2 ratios) at 900 8C for 10 h

Catalyst CH4/CO2 ratio Deactivation (%) BET surface (m2 g�1) Surface area reduction (%) C formationa (monolayers)

CeO2 (HSA)
b 1.0/3.0 4.5 23 4.2 �0

1.0/1.0 6.9 22 8.3 �0

1.0/0.3 7.7 22 8.3 �0

CeO2 (LSA)
c 1.0/3.0 28 6.2 27 0.08

1.0/1.0 30 6.2 27 0.11

1.0/0.3 41 6.0 30 0.15

Ni/Al2O3
d 1.0/3.0 90 �40 �0 3.9

1.0/1.0 96 �40 �0 5.2

1.0/0.3 97 �40 �0 5.8

a Calculated using CO and CO2 yields from temperature-programmed oxidation (TPO) with 10% oxygen.
b High surface area CeO2 prepared by surfactant-assisted approach.
c Conventional low surface area CeO2 prepared by precipitation method.
d Ni/Al2O3 prepared by impregnation method with the specific surface area of 40 m2 g�1 after calcinations.

Fig. 4. Temperature programmed oxidation (TPO) over several catalysts

after exposure in dry reforming conditions.



The reaction order in methane (n) for this catalyst was

observed to be between 0.50 and 0.55, and seemed to be

essentially independent of the operating temperature and

carbon dioxide partial pressure for the range of conditions

studied. These values n were obtained experimentally by

plotting ln(N) versus ln PCH4
. The reaction orders in other

components (CO2, H2, and CO) were achieved using the

same approach by varying the inlet partial pressure of the

component of interest while keeping other inlet component

partial pressures constant.

The H2/CO ratio in the products increased with

increasing inlet CH4/CO2 ratio, whereas it strongly

decreased with increasing temperature, as presented in

Table 4.

Several inlet carbon dioxide partial pressures, from 0.01 to

0.09 atm, were then introduced to the feed with constant

methane partial pressure in order to investigate the influence

of CO2 on the dry reforming rate. Carbon dioxide presented

slight positive effect on the dry reforming rate at high inlet

CH4/CO2 ratios as shown in Fig. 6. The experiments yielded

non-linear positive carbon dioxide trend. When the inlet

carbon dioxide partial pressurewas greater than 0.03 atm, the

carbon dioxide influence on the dry reforming rate became

less pronounced. At high inlet CH4/CO2 ratios, the reaction

order in carbon dioxide for this catalyst was observed to be a

small positive value between 0.08 and 0.12, and seemed to be

independent of the inlet methane partial pressure and the

operating temperature for the range of conditions studied. The

proportionofH2/CO in the products reduced from0.94 to 0.89

as the CH4/CO2 ratio was decreased from 3.0/1.0 to 3.0/5.0

(Table 4). This is as expected from an increasing contribution

from the RWGS reaction.

The dry reforming in the presences of carbon monoxide

and hydrogen were then investigated by adding either carbon

monoxide or hydrogen to the feed gas at several operating

temperatures. The results show that the reforming rates are

also dependent on both carbon monoxide and hydrogen

concentrations. Unlike CH4 and CO2, both components

inhibited the dry reforming rate over CeO2 as shown in

Figs. 7 and 8. The reaction order in carbon monoxide was in

the range of �0.15 to �0.10, while the reaction order in

hydrogen was between �0.34 to �0.28 in the range of
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Fig. 5. Effect of methane partial pressure on the turnover frequencies (N)

for CeO2 (HSA) at different temperatures (inlet CO2 = 0.05 atm).

Table 4

Effect of inlet compositions on H2/CO ratio from the dry reforming over

CeO2 (HSA) at different temperatures

Temperature (8C) Inlet compositions

(atm)

H2/CO production

ratio from the dry

reforming over CeO2

(HSA)

900 0.03 CH4/0.03 CO2 0.93

925 0.03 CH4/0.03 CO2 0.90

950 0.03 CH4/0.03 CO2 0.88

975 0.03 CH4/0.03 CO2 0.85

1000 0.03 CH4/0.03 CO2 0.81

900 0.01 CH4/0.03 CO2 0.90

0.02 CH4/0.03 CO2 0.91

0.03 CH4/0.03 CO2 0.93

0.04 CH4/0.03 CO2 0.95

0.05 CH4/0.03 CO2 0.96

900 0.03 CH4/0.01 CO2 0.94

0.03 CH4/0.02 CO2 0.93

0.03 CH4/0.03 CO2 0.93

0.03 CH4/0.04 CO2 0.91

0.03 CH4/0.05 CO2 0.89

Fig. 6. Effect of carbon dioxide partial pressure on the turnover frequencies

(N) for CeO2 (HSA) at different temperatures (inlet CH4 of 0.04 atm).

Fig. 7. Effect of carbon monoxide partial pressure on the turnover fre-

quencies (N) for CeO2 (HSA) at different temperatures (inlet CH4 of

0.04 atm).



conditions studied. These negative impacts are due to the

inhibition of redox property on ceria surface, which will be

discussed in the next section. Table 5 presents the summary

of observed reaction orders in each component (CH4, CO2,

CO, and H2) for CeO2 (HSA) at different inlet conditions.

According to the influences of CH4, CO2, CO, and H2 as

described above, the experimental data can be fitted well to a

simple rate Eq. (6), which captures the essential features and

could also easily be used in the simulation of indirect

internal reforming over CeO2 (HSA) in SOFCs.

� rCH4
¼ kðTÞðPCH4

Þn
1þ K1

PCO

PCO2

þ K2ðPH2
Þm kðTÞ ¼ A exp

�E
RT

� �

and KiðTÞ ¼ Bi exp
�DHi

RT

� �
(6)

where Pi is the partial pressure of chemical component i, and

K1 and K2 are adsorption parameters, obtained from Van’t

Hoff equation. The positive effect of methane on the dry

reforming rate was a consequence of the presence of the

kðTÞðPCH4
Þn term, whereas both positive and negative

effects of carbon dioxide and carbon monoxide were a

consequence of the K1ðTÞPCO=PCO2
term in the denomi-

nator. According to the fitting, when n and m were taken as

0.5, a good fit to the data was observed in the range

of conditions studied. The value of k(T) increased

from 23.98 molecules site�1 min�1 atm�0.5 at 900 8C to

83.76 molecules site�1 min�1 atm�0.5 at 1000 8C, while

K1(T) and K2(T), also temperature dependent parameters,

were in the range of 0.35–0.50 and 8.5–15.2 atm�0.5, respec-

tively. The parameters of the rate expression can be sum-

marized in Table 6. It should be noted that the activation

energy for this reaction, which were achieved by the Arrhe-

nius plots as shown in Fig. 9, was approximately 154 kJ/mol.

4. Discussion

It has been widely reported that the gas–solid reaction

between ceria and CH4 can generate CO and H2 at high

temperature [19,20]. In addition, the reduced state, CeO2�n,

can react with CO2 to produce CO [21]. Therefore, the dry

reforming of methane over CeO2 can be presented as follows:

CeO2 þ nCH4!CeO2�n þ nCOþ 2nH2 (7)

CeO2�n þ nCO2 ¼ CeO2 þ nCO (8)

CeO2 þ nH2 ¼ CeO2�n þ nH2O (9)

The positive effect of CH4 and CO2 on the dry reforming

reactivity is due to the forward of Eqs. (7) and (8), respec-

tively, while the reverse of Eq. (8) results in the negative

effect of CO. Hydrogen presented negative effect on the dry
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Fig. 8. Effect of hydrogen partial pressure the turnover frequencies (N) for

CeO2 (HSA) at different temperatures (inlet CH4 of 0.04 atm).

Table 5

Reaction orders for the components of interest (CH4, CO2, CO, and H2) from the dry reforming over CeO2 (HSA) at different operating conditions

Components of interest Temperature (8C) Other inlet compositions (atm) Reaction order for components of interest

CH4 CO2 H2 CO

CH4 (0.01–0.04 atm) 900–1000 0.05 0 0 0.52 � 0.02

900 0.10 0 0 0.50

900 0.15 0 0 0.51

900–950 0.05 0.02 0 0.54 � 0.01

900–950 0.05 0 0.02 0.53 � 0.02

CO2 (0.01–0.09 atm) 900–1000 0.04 0 0 0.10 � 0.02

900 0.02 0 0 0.10

900 0.07 0 0 0.08

900–925 0.04 0.02 0 0.10 � 0.02

900–950 0.04 0 0.02 0.11 � 0.01

H2 (0.02–0.06 atm) 900–1000 0.04 0.05 0 �0.31 � 0.03

900 0.04 0.10 0 �0.28

900 0.02 0.05 0 �0.34

900 0.04 0.05 0.02 �0.30

CO (0.02–0.06 atm) 900–1000 0.04 0.05 0 �0.11 � 0.01

900 0.04 0.10 0 �0.12

900 0.02 0.05 0 �0.15

900 0.04 0.05 0.02 �0.10



reforming, as this component reduced Ce4+ to Ce3+ via

Eq. (9) and, consequently, results in the inhibition of

methane conversion via Eq. (7). It should be noted that

the inhibitory effect of hydrogen is the main disadvantage of

using CeO2 industrially, therefore, the removal of hydrogen

during the reforming process might be required.

In the present work, the observed activation energy for

the dry reforming over CeO2 (HSA) is 154 kJ mol�1. This

value is in the same range as the activation energies

previously observed for the methane steam reforming over

CeO2 (HSA) [4], CeO2 (LSA) [3], and Gd–CeO2 (LSA)

[1]. Aguiar et al. [22] reported the methane steam

reforming rate equation over conventional CeO2 (LSA)

in the form of �rCH4
¼ kðTÞP0:5CH4

=ð1þ KHP
0:5
H2

Þ. The

activation energy obtained by the Arrhenius plots of

k(T) was 133 kJ mol�1. Laosiripojana and Chadwick [4]

studied the methane steam reforming over CeO2 (HSA)

and presented the well-fitting of their experimental data to

this form of rate equation. Their corresponding activation

energy was 150 kJ mol�1. Ramirez-Cabrera et al. [1]

studied the methane steam reforming reaction over Gd–

CeO2 and compared the results with the dry methane

reaction over the same catalyst. They reported that the

observed activation energies from both reactions are in the

same range of 153–165 kJ mol�1. In addition, in the excess

of inlet CO2, the observed methane conversion for the dry

reforming of 5% methane at 900 8C in the present work is

approximately equal to that for the steam reforming of 5%

methane [4]. These observations indicate that the rate-

controlling step for the steam and dry reforming reactions

for CeO2 is similar. Hence, the methane steam reforming

reaction mechanism for CeO2 as proposed by Ramirez-

Cabrera et al. [1] should also be applied to explain the dry

reforming of methane over this material. The dry

reforming mechanism for CeO2 involves the reaction

between methane, or an intermediate surface hydrocarbon

species, with the lattice oxygen (Ox) at CeO2 surface, as

illustrated schematically below.

CH4 þ 2SCe ¼ CH3�SCe þ H�SCe (10)

CH3�SCe þ SCe ¼ CH2�SCe þ H�SCe (11)

CH2�SCe þ SCe ¼ CH�SCe þ H�SCe (12)

CH�SCe þ SCe ¼ C�SCe þ H�SCe (13)

C�SCe þ Ox ¼ COþ Ox�1 þ SCe (14)

CO2 þ Ox�1 ¼ Ox þ CO (15)

H2 þ Ox ¼ Ox�1 þ H2O (16)

2H�SCe ¼ H2 þ 2SCe (17)

There are two possibilities for this scheme depending on

what is assumed for the catalyst surface site, SCe. It can be a

unique site, or can also be considered to be the same site as

the catalyst oxidised site (Ox) [3]. During the dry reforming,

methane is adsorbed on either a unique site, SCe, or the

catalyst oxidized site, Ox, whereas CO2 is always reacted

with the catalyst reduced site, Ox�1. The steady-state

reforming rate is mainly due to the continuous supply of

the oxygen source by CO2. It should be noted that the

measured value of the oxygen diffusion coefficient for ceria

is high and the reaction rate is controlled by a surface

reaction and not by diffusion of oxygen from the bulk of

the solid particles to ceria surfaces [23]. The stronger linear

dependence of the reforming rate on methane partial pres-

sure, and the weaker positive of CO2 provide the evidence

that the controlling step is the reaction of methane with the

CeO2 surface, and that oxygen is replenished by a signifi-

cantly rapid surface reaction of the reduced state CeO2 with

CO2.

The high resistance toward carbon deposition for ceria,

which has been widely reported by several researchers

[1–5,24], is mainly due to the high oxygen storage capacity

(OSC) of this material. As described, carbon formation is one

major problem for the dry reforming of methane. We also

observed high amount of carbon formation on the surface of

Ni/Al2O3 after exposure in a dry reforming condition.

Regarding thepossible carbon formationduring the reforming

processes, the following reactions are theoretically the most

probable reactions that could lead to carbon formation:

2CO ¼ CO2 þ C (18)

CH4 ¼ 2H2 þ C (19)
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Table 6

Summary of Pre-exponential factors for Arrhenius and Van’t Hoff equations for dry reforming over CeO2 (HSA)

A (molecules site�1 min�1 atm�0.5) E (kJ mol�1) B1 DH1 (kJ mol�1) B2 (atm
�0.5) DH2 (kJ mol�1)

1.9 � 108 154 5.3 � 10�3 �44.28 9.29 � 10�3 �72.15

Fig. 9. The Arrhenius-type plot for dry reforming reaction over CeO2

(HSA).



COþ H2 ¼ H2Oþ C (20)

CO2 þ 2H2 ¼ 2H2Oþ C (21)

At low temperature, reactions (20) and (21) are favorable,

while reaction (18) is thermodynamically unflavored [25].

The Boudard reaction (Eq. (18)) and the decomposition of

methane (Eq. (19)) are the major pathways for carbon

formation at such a high temperature as they show the

largest change in Gibbs energy [26]. According to the range

of temperature in this study, carbon formation would be

formed via the decomposition of methane and Boudard

reactions especially at high inlet CH4/CO2 ratio (1.0/0.3

and 1.0/1.0). By applying CeO2, both reactions (Eqs. (20)

and (21)) could be inhibited by the redox reactions between

methane and carbon monoxide (produced during the dry

reforming process) with the lattice oxygen (Ox) at CeO2

surface (Eqs. (22) and (23)) forming hydrogen and carbon

dioxide, which is thermodynamically unflavored to form

carbon species in this range of conditions. Therefore, sig-

nificant lower amount of carbon deposition were observed

for ceria even at low inlet carbon dioxide concentration.

CH4 þ Ox!COþ H2 þ Ox�1 (22)

COþ Ox ¼ CO2 þ Ox�1 (23)

Although CeO2 (LSA) also provides high resistance toward

carbon formation, the major weaknesses of CeO2 (LSA) are

its nature low specific surface area and alsohigh size reduction

due to the thermal sintering impact, resulting in its low redox

property and consequently low reforming reactivity. In the

present work, the specific surface area of CeO2 (HSA) after

calcination at 1000 8Cwas almost three times higher than the

conventional one.Moreover, the size reduction percentage for

CeO2 (HSA) was significantly lower. These enhancements

were also reported by Terrible et al. [17], who prepared Ce–

ZrO2 by the same procedure. They reported that the achieve-

ment of high surface area material by the surfactant-assisted

procedure is mainly due to the interaction of hydrous oxide

with cationic surfactants under basic conditions during the

preparation [17]. At high pH value, conducting the precipita-

tion of hydrous oxide in the presence of cationic surfactant

allows the cation exchange process between H+ and the

surfactant, resulting in a developed pore structure with an

increase in surface area [17]. Regarding the thermal stability

at high temperature, Terrible et al. [17] explained that the

incorporation of surfactants during preparation could reduce

the interfacial energy and eventually decrease the surface

tension of water contained in the pores. This could reduce the

shrinkage and collapse of the catalyst during heating up,

which consequently help the catalyst maintaining high sur-

face area after calcination [17].

Our previous work on Ni/CeO2 (HSA) and Ni/Ce–ZrO2

(HSA) [24] for the steam reforming of methane also

indicated the same improvement as described above. We

previously studied the resistance of metal catalyst on ceria-

based supports toward the carbon formation. Under methane

steam reforming conditions with the H2O/CH4 ratio of 3.0,

Ni/CeO2 (HSA) exhibited high steady-state steam reforming

activity and no carbon species was detected on the surface

[24]. However, at steam to methane ratios less than 1,

significant carbon deposition was formed. Thus, the use of

Ni always increases the risk of carbon deposition even when

CeO2 (HSA) was applied as the support.

5. Conclusions

CeO2 is a good candidate catalyst for the dry reforming of

methane due to its extreme resistance toward the deactiva-

tion from carbon formation. The use of high surface area

CeO2 (CeO2 (HSA)) significantly reduces the degree of

deactivation by thermal sintering compared to general low

surface area CeO2.

The dry reforming rate over CeO2 (HSA) is proportional

to the methane partial pressure and the operating tempera-

ture. Carbon dioxide presents slight positive impact on the

methane conversion, whereas carbon monoxide inhibits the

reforming rate. Addition of hydrogen was found to have a

significant inhibitory effect on the conversion of methane.

This inhibitory effect is the main disadvantage of using

CeO2 as the dry reforming catalyst, and the removal of

hydrogen during the reforming process might be required.

The activation energies and reforming rates at the same

methane concentration for the dry reforming are equal to

those for the steam reforming. These results suggest the

similar reaction mechanisms for both the steam reforming

and the dry reforming over CeO2 in which the reforming rate

is governed by the slow reaction of adsorbed methane, or

surface hydrocarbon species, with oxygen in CeO2, and a

rapid gas–solid reaction between CO2 and CeO2 to replenish

the oxygen.
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Abstract

Ni/Ce–ZrO2 showed good methane steam reforming performance in term of stability toward the deactivation by carbon deposition. It was

first observed that the catalyst with Ce/Zr ratio of 3/1 showed the best activity among Ni/Ce–ZrO2 samples with the Ce/Zr ratios of 1/0, 1/1, 1/

3, and 3/1. Temperature-programmed oxidation (TPO) experiments indicated the excellent resistance toward carbon formation for this

catalyst, compared to conventional Ni/Al2O3; the requirement of inlet H2O/CH4 to operate without the formation of carbon species is much

lower. These benefits are related to the high oxygen storage capacity (OSC) of Ce–ZrO2. During the steam reforming process, in addition to

the reactions on Ni surface (*), the redox reactions between the gaseous components present in the system and the lattice oxygen (Ox) on Ce–

ZrO2 surface also take place. Among these reactions, the redox reactions between the high carbon formation potential compounds (CH4, CHx-

*n and CO) and the lattice oxygen (Ox) can prevent the formation of carbon species from the methane decomposition and Boudard reactions,

even at low inlet H2O/CH4 ratio (1.0/1.0).

Regarding the intrinsic kinetic studies in the present work, the reaction order in methane over Ni/Ce–ZrO2 was observed to be

approximately 1.0 in all conditions. The dependence of steam on the rate was non-monotonic, whereas addition of oxygen as an autothermal

reforming promoted the rate but reduced CO and H2 production selectivities. The addition of a small amount of hydrogen increased the

conversion of methane, however, this positive effect became less pronounced and the methane conversion was eventually inhibited when high

hydrogen concentration was added. Ni/Ce–ZrO2 showed significantly stronger negative impact of hydrogen than Ni/Al2O3. The redox

mechanism on ceria proposed by Otsuka et al. [K. Otsuka, T. Ushiyama, I. Yamanaka, Chem. Lett. (1993) 1517; K. Otsuka, M. Hatano, A.

Morikawa, J. Catal. 79 (1983) 493; K. Otsuka, M. Hatano, A. Morikawa, Inorg. Chim. Acta 109 (1985) 193] can explain this high inhibition.

# 2005 Elsevier B.V. All rights reserved.

1. Introduction

The methane steam reforming is a widely practiced

technology for production of hydrogen or synthesis gas for

later utilization in fuel cells. Three main reactions are always

carried out as presented in the following equations:

CH4 þH2O , CO þ 3H2 (1)

CO þ H2O , CO2 þH2 (2)

CH4 þ 2H2O , CO2 þ 4H2 (3)

Both water–gas shift reaction (Eq. (2)) and reverse

methanation (Eq. (3)) are associated with the steam

reforming over a catalyst at elevated temperatures. The

reverse methanation (Eq. (3)) is thermodynamically linearly

dependent on methane steam reforming and water–gas shift

reaction, but it is kinetically independent [4–8]. Due to the
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overall high endothermic nature of the reactions, they are

carried out at high temperature (700–900 8C). In recent

years, many researchers have also investigated the addition

of oxygen together with methane and steam in a single

process, calling an autothermal reforming. This reaction is

an economical process, in which the steam reforming of

methane (1) is combined with the partial oxidation of

methane, as presented in the following equation:

CH4 þð1=2ÞO2 , CO þ 2H2 (4)

By this combination, exothermic heat from the partial

oxidation can directly supply the energy required for the

endothermic steam reforming reaction. Therefore, it is

considered to be thermally self-sustaining and consequently

more attractive than the steam reforming. However, the main

disadvantage of this reaction is the lower production of

synthesis gas (H2 and CO) from this reaction compared to

the steam reforming. Currently, the commercial process for

the production of hydrogen and synthesis gas is still based on

the steam reforming reaction using nickel catalyst on

supports such as Al2O3, MgO, MgAl2O4 or their mixtures.

Worldwide efforts are in progress to develop a novel catalyst

with higher activity and stability for the reforming reactions.

Various precious metals such as Pt, Rh and Ru have been

reported to be active for the reforming reactions and resistant

to the carbon formation [9,10]. However, the current prices

of these metals are very high for commercial uses, and the

availability of some precious metals such as ruthenium was

too low to have a major impact on the total reforming

catalyst market [11].

Selection of a support material is another important issue

as there was some evidence that metal catalysts are not very

active for the steam reforming when supported on inert

oxides [12]. Various supports have been investigated, for

example, a-Al2O3 [13], g-Al2O3 and g-Al2O3 with alkali

metal oxide and rare earth metal oxide [14], CaAl2O4 [15]

and Ce–ZrO2 [16]. A promising catalyst system for the

reforming reactions appeared to be a metal on Ce–ZrO2

support, where the metal can be Ni, Pt or Pd [17–25]. Ni/Ce–

ZrO2 has been successfully applied to the partial oxidation

and the autothermal reforming of methane [26]. It is well

established that ceria and metal oxide (e.g. Gd, Nb, and Zr)

doped cerias provide high oxygen storage capacity, which is

beneficial in oxidation processes [27]. Moreover, it has been

reported that the gas–solid reaction between CeO2 and CH4

produces synthesis gas with a H2/CO ratio of two, while the

reduced ceria, CeO2�n, can react with CO2 and H2O to

produce CO and H2, respectively, according to the following

reactions [1–3]:

CeO2 þ nCH4 ! CeO2�nþ nCO þ 2nH2 (5)

CeO2�nþCO2 , CeO2 þCO (6)

CeO2�nþH2O , CeO2 þH2 (7)

The addition of zirconium oxide (ZrO2) to cerium oxide

(CeO2) has been reported to improve the oxygen storage

capacity, redox property, thermal stability and catalytic

activity [28–37]. This high oxygen storage capacity was

associated with enhanced reducibility of cerium(IV) in Ce–

ZrO2, which is a consequence of the high O2� mobility

inside the fluorite lattice. One possible reason for the

increasing mobility might be related to the lattice strain,

which is generated by the introduction of a smaller isovalent

Zr cation into the CeO2 lattice (Zr
4+ has a crystal ionic radius

of 0.84 Å, which is smaller than 0.97 Å for Ce4+ in the same

co-ordination enviroment) [38]. Due to the high thermal

stability of this material, Ce–ZrO2 would be a good

candidate to be used as the catalyst support for high

temperature steam reforming reactions.

Apart from the efforts devoted to catalyst selection, a

number of works have been focused on the kinetic study of

methane steam reforming. There is a general agreement

that the reaction order in methane is always 1.0. However,

there is less agreement with the other kinetic parameters,

such as dependence on H2O, and H2. This could be due to

the use of different catalysts and experimental conditions.

Moreover, the impact of diffusion limitation could affect

the experimental results also. In a study at conditions

similar to SOFC, Dicks et al. [39] observed that the

product partial pressures from the methane steam

reforming on Ni/ZrO2 could significantly affect the

reforming rate, in particular that of hydrogen. The first

order reaction in methane was obtained, while a positive

effect of hydrogen partial pressure and a negative effect of

steam partial pressure on the rate of reforming were

observed. The researchers also indicated that hydrogen

must be added as the feed gas together with methane and

steam, because the steam reforming rate in pure methane/

steam gas mixture was low. Xu and Froment [4–6]

presented a rate model for the methane steam reforming

together with the water–gas shift reaction over Ni/

MgAl2O4 catalyst and also derived intrinsic rate equations.

They reported the non-monotonic dependence of steam on

the rate of reforming due to the competition of the catalyst

active sites. A similar result was observed by Elnashaie

et al. [7,8]. Xu and Froment [4–6] also presented the

inhibitory effect of hydrogen on the methane steam

reforming rate due to the promotion of the reverse

reactions of Eqs. (1)–(3).

In the present work, we aimed to study the intrinsic

reaction kinetics of an alternative reforming catalyst, which

provides high methane steam reforming activity and high

resistance toward carbon formation. According to the

economical point of view, Ni was selected as a catalyst

rather than other precious metals such as Pt, Rh and Ru

although Ni is more sensitive to carbon formation. Ni/Ce–

ZrO2 catalysts with different ratios of Ce/Zr were first

investigated to determine a suitable ratio. The intrinsic

reaction kinetics for the selected catalyst were then studied

by varying inlet CH4, and H2O concentrations, and by

adding H2, and O2 in order to evaluate the possible use of Ni/

Ce–ZrO2 industrially.
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2. Experimental

2.1. Catalyst preparations and characterizations

Ce1�xZrxO2 supports with different Ce/Zr molar ratios

were prepared by co-precipitation of cerium nitrate

(Ce(NO3)3�H2O), and zirconium oxychloride (ZrOCl2�H2O)

H2O) (from Aldrich). The starting solution was prepared by

mixing 0.1 M of metal salt solution with 0.4 M of urea at a 2/

1 volumetric ratio. The ratio between each metal salt was

altered to achieve nominal Ce/Zr molar ratios: Ce1�xZrxO2,

where x = 0.25, 0.50, and 0.75, respectively. This solution

was stirred by magnetic stirring (100 rpm) for 3 h, and the

precipitate was filtered and washed with deionised water and

ethanol to prevent an agglomeration of the particles. It was

dried overnight in an oven at 110 8C, and then calcined in air
at 1000 8C for 6 h.

Ni/Ce–ZrO2 was prepared by impregnating Ce–ZrO2

with a Ni(NO3)2 solution (from Aldrich). The catalyst was

reduced with 10%H2/Ar for 6 h before use. For comparison,

Ni/Al2O3 and Ni/CeO2 (5 wt.% Ni) were also prepared by

impregnating a-Al2O3 (from Aldrich) and CeO2 with

Ni(NO3)2. After reduction, the catalysts were characterized

by several physicochemical methods. The weight content of

Ni in Ni/Al2O3, Ni/Ce–ZrO2 (with different Ce/Zr ratio), and

Ni/CeO2 were determined by X-ray fluorescence (XRF)

analysis. The reducibility and dispersion percentages of

nickel were measured from temperature-programmed

reduction (TPR) with 5% H2 in Ar and temperature-

programmed desorption (TPD), respectively. The catalyst

specific surface areas were obtained from BET measure-

ment. All physicochemical properties of the synthesized

catalysts are presented in Table 1.

2.2. Apparatus and procedures

In order to investigate the methane steam reforming and

its associated reactions, we constructed an experimental

reactor system as shown in Fig. 1. The feed gases including

the components of interest such as CH4, H2O, H2, or O2 were

introduced to the reaction section, in which an 8 mm internal

diameter and 40 cm length quartz reactor was mounted

vertically inside a furnace. The catalyst was loaded in the

quartz reactor, which was packed with a small amount of

quartz wool to prevent the catalyst from moving. The weight

of catalyst loading was 50 mg, while a typical range of total

gas flow was 20–200 cm3 min�1 depending on the desired

space velocity. A type-K thermocouple was placed into the

annular space between the reactor and the furnace. This

thermocouple was mounted on the tubular reactor in close

contact with the catalyst bed to minimize the temperature

difference between the catalyst bed and the thermocouple.

Another type-K thermocouple was inserted in the middle of

the quartz tube in order to re-check the possible temperature

gradient, especially when O2 was added along with CH4 and

H2O as the autothermal reforming. The record showed that

the maximum temperature fluctuation during the reaction

was always �0.75 8C or less from the temperature specified

for the reaction.

After the reactions, the exit gas mixture was transferred

via trace-heated lines to the analysis section, which consists

of a Porapak Q column Shimadzu 14B gas chromatograph

(GC) and a mass spectrometer (MS). The gas chromato-

graphy was applied in order to investigate the steady state

condition experiments, whereas the mass spectrometer in

which the sampling of the exit gas was done by a quartz

capillery and differential pumping was used for the transient

and carbon formation experiments.

A temperature-programmed technique (TP) was applied

in order to study the formation of carbon species on catalyst

surface. Temperature-programmed methane adsorption

(TPMA) was firstly carried out in order to investigate the

reaction of methane with the surface of catalyst and to form

the carbon species on catalyst surface. A 5% methane in

helium was introduced into the system, while the operating

temperature was increased from room temperature to

1000 8C at the rate of 10 8C/min. After the system was

purged with helium, TPMA was followed by temperature-

programmed oxidation (TPO) in order to quantify the

deposited carbon on the catalyst surface. A 10% oxygen in

helium was introduced into the system and, similar to

TPMA, the temperature was increased from room tempera-

ture to 1000 8C at the rate of 10 8C/min. The calibrations of

CO and CO2 productions were performed by injecting a

known amount of these calibration gases from a loop, in an

injection valve in the bypass line. The response factors were

obtained by dividing the number of moles for each

component over the respective areas under the peaks. This

process was performed before each experiment to achieve

maximal accuracy in the quantitative carbon analysis. In
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Table 1

Physicochemical properties of the catalysts after reduction

Catalyst Ce/Zr ratio Ni-loada (wt.%) BET surface area (m2 g�1) Ni-reducibilityb (Ni%) Ni-dispersionc (Ni%)

Ni/CeO2 4.8 8.5 84.7 3.17

Ni/Ce–ZrO2 1/3 5.0 20 90.4 4.24

Ni/Ce–ZrO2 1/1 4.7 18 89.8 4.13

Ni/Ce–ZrO2 3/1 4.8 19 88.1 4.37

Ni/Al2O3 4.9 40 92.1 4.87
a Measured from X-ray fluorescence analysis.
b Measured from temperature-programmed reduction (TPR) with 5% hydrogen.
c Measured from temperature-programmed desorption (TPD) of hydrogen after TPR measurement.



addition to the TPO method, the amount of carbon

deposition was confirmed by calculating the carbon balance

of the system. The amount of carbon formation would

theoretically be equal to the difference between the inlet

carbon containing component (CH4) and the outlet carbon

containing components (CO, CH4, and CO2). The amount of

carbon deposited per gram of catalyst is calculated by the

following equation:

Cdeposition ¼
molecarbonðinÞ �molecarbonðoutÞ

mcatalyst

(8)

3. Results

3.1. Preliminary testing

In order to avoid any limitations by intraparticle

diffusion, we checked the impact of the total flow rate

before the formal investigations. The total flow rate was

varied between 20 and 200 cm3 min�1 under a constant

residence time of 5 � 10�4 g min cm�3. When the total flow

rate was below 60 cm3 min�1, the methane steam reforming

rate increased with increasing the gas flow rate, suggesting

that the mass transfer between the bulk gas and the catalyst

particles is the rate-determining step. The steam reforming

rate was almost constant in the range where the gas flow rate

was higher than 80 cm3 min�1, indicating that the mass

transfer effect is unimportant in this flow rate range. The

total flow rate was therefore kept constant at 100 cm3 min�1

in all experiments. Fig. 2 shows the effect of the total gas

flow rate on the reforming rate over Ni/Ce–ZrO2.

The reactions on different average sizes (from 100 to

500 mm) of catalysts were carried out in order to guarantee

that the experiments were carried out within the region of

intrinsic kinetics. It was observed that there were no

significant changes in the methane conversion for the

catalyst with the particle size between 100 and 200 mm,

which indicated that the intraparticle diffusion limitation

was negligible in this range of operating conditions.

Consequently, the catalyst diameter was kept between

100 and 200 mm in all experiments. Using these conditions,

the steam reforming rate observed from the experiments

should represent the intrinsic kinetics.

3.2. Stability and activity of Ni/Ce–ZrO2 with different

Ce/Zr ratios toward methane steam reforming

The steam reforming of methane over Ni/CeO2 and Ni/

Ce–ZrO2 (with different Ce/Zr ratios) were studied at 900 8C
by introducing CH4/H2O in helium with the inlet ratio of 1.0/

1.0 in order to select the most suitable catalyst for further

studies. The variations in methane conversion with time at
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Fig. 1. Schematic diagram of the experimental set-up.

Fig. 2. Effect of the total gas flow rate on the reforming rate over Ni/Ce–

ZrO2 at different temperatures (3 kPa CH4, 3 kPa H2O).



900 8C for different catalysts are shown in Fig. 3. At steady

state, the Ni/Ce–ZrO2 with Ce/Zr ratio of 3/1 shows the best

activity among Ni on ceria-based supports, its activity on a

weight basis was slightly lower than that over Ni/Al2O3 due

to the lower specific surface area. The steady state reforming

rates of Ni/Ce–ZrO2 (Ce/Zr = 3/1) and Ni/Al2O3 at 900 8C
were 81.31 and 82.77 mol kg�1 h�1, respectively.

As one can see from Fig. 3, the activities of Ni/Al2O3 and

Ni/CeO2 declined with time before reaching a significantly

lower steady-state rate, while the activity of Ni/Ce–ZrO2

declined slightly. Catalyst stabilities expressed as a

deactivation percentage are given in Table 2. The post-

reaction temperature-programmed oxidation (TPO) experi-

ments were carried out after a helium purge by introducing

10% oxygen in helium in order to determine whether the

observed deactivation is due to the carbon formation. TPO

experiments detected no carbon formation on the surface of

Ni on ceria-based supports. In contrast, the carbon species

were observed on the surface of Ni/Al2O3. Using a value of

0.026 nm2 for the area occupied by a carbon atom in a

surface monolayer of the basal plane in graphite [27], the

total quantities of carbon deposited formed on Ni/Al2O3

were 1.39 monolayers. This amount of carbon deposited was

ensured by calculating the carbon balance of the system.

Regarding the calculations, the molar amount of carbon

deposited per gram of Ni/Al2O3 was 1.62 mmol g�1. By the

same assumption for the area occupied by a carbon atom

[18], these values are equal to 1.37 monolayers, which is in

good agreement with the value observed from the TPO

method. More investigations about resistance toward carbon

formation will be presented in the next section.

The BET measurement results as shown in Table 2

suggest that the deactivation of Ni on ceria-based supports

could be mainly due to the sintering and the slight decrease

of the catalyst dispersion. The % size reduction of these

catalysts agreed well with the degree of catalyst deactiva-

tion. Regarding these experimental results, Ni/Ce–ZrO2

with a Ce/Zr ratio of 3/1 was selected for further

investigations.

3.3. Resistance toward carbon formation

The resistance of Ni/Ce–ZrO2 (with Ce/Zr ratio of 3/1)

toward the formation of carbon species was investigated and

compared to that of Ni/Al2O3. Carbon species were firstly

formed on the catalyst surface by introducing 5%methane in

helium (TPMA). The amount of carbon formation on the

surface of each catalyst was then investigated by tempera-

ture-programmed oxidation (TPO). Figs. 4 and 5 present the

comparison of TPMA and TPO respectively over both Ni/

Ce–ZrO2 and Ni/Al2O3.

According to Fig. 4, only hydrogen was produced from

the cracking of methane on Ni/Al2O3, whereas carbon

monoxide and carbon dioxide were also generated along

with hydrogen from the cracking of methane on Ni/Ce–

ZrO2. The formations of CO and CO2 are due to the gas-solid

reaction of CH4 on Ce–ZrO2 surface (Eq. (5)). After the

system was purged with helium, the amount of carbon

formation on the surface of each catalyst can be determined

by measuring the CO and CO2 yield from TPO experiment

(Fig. 5). Using a value of 0.026 nm2 for the area occupied by

a carbon atom in a surface monolayer of the basal plane in

graphite [27], the quantities of carbon deposited on the

surface of Ni/Ce–ZrO2 were approximately 1.29 mono-

layers, whereas the quantities of carbon deposited over Ni/

Al2O3 were 2.35 monolayers. Regarding the calculation of

carbon balance, the values of carbon deposited from the

calculation are also in good agreement with the values

observed from the TPO (1.31 monolayers for Ni/Ce–ZrO2,

and 2.34 monolayers for Ni/Al2O3).

When a small amount of steam was added during TPMA,

the amount of carbon formation was observed to decrease

significantly as the steam reforming takes place. The

requirements of inlet steam to eliminate all carbon formation

on the surface of Ni/Ce–ZrO2 and Ni/Al2O3 were compared,

as presented in Table 3. Ni/Ce–ZrO2 required inlet H2O/CH4

ratio of 1.0 in order to prevent the formation of carbon species

on catalyst surface, whereas Ni/Al2O3 required a higher H2O/
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Fig. 3. Steam reforming of methane at 900 8C for different catalysts (3 kPa

CH4, 3 kPa H2O).

Table 2

Catalyst deactivations and some characterization results after running the reaction at 900 8C for 10 h

Catalyst Ce/Zr ratio Deactivation (%) BET after reaction (m2 g�1) Surface area reduction (%) Ni-load (wt.%) Ni-dispersion (Ni%)

Ni/CeO2 24 6.2 27 4.8 3.02

Ni/Ce–ZrO2 1/3 11 18 10 4.9 4.21

Ni/Ce–ZrO2 1/1 12 15 13 4.7 4.12

Ni/Ce–ZrO2 3/1 5.1 18 4.5 4.8 4.32

Ni/Al2O3 16 40 �0 4.8 4.80


